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FOREWORD 


A  •hort  history  of  the  development  of  the  prediction  method*  In  thi*  Technical  Note  will 
permit  the  reader  to  compare  them  with  earlier  procedu.es.  Some  of  the*e  method*  were  flr»t 
reported  by  Norton,  Rice  and  Vogler  [  1955]  .  Further  development  of  forward  scatter  prediction* 
and  a  better  understanding  of  the  refractive  Index  structure  of  the  atmorphere  led  to  change*  re¬ 
ported  In  an  early  unpublished  NBS  report  and  In  NBS  Technical  Note  15  [  Rice,  Longley  and 
Norton,  1959]  .  The  method*  of  Technical  Note  15  »erved  a*  a  bael*  for  pert  of  another  unpublished 
NBS  report  which  was  Incorporated  In  Air  Force  Technical  Order  T.  O.  312-ln-l  in  1961.  A 
preliminary  draft  of  the  current  technical  note  was  submitted  a*  a  U.  S.  Study  Group  V  contribution 
to  the  CCIR  In  1962. 

Technical  Note  101  use*  the  metric  system  throughout.  For  most  computation*  both  a 
graphical  method  and  formula*  suitable  for  a  digital  computer  are  presented.  Theee  Include 
•  imple  and  comprehensive  formula*  for  computing  diffraction  over  smooth  earth  and  over  Irregular 
terrain,  a*  well  a*  method*  for  estimating  diffraction  over  an  .solated  rounoed  obstacle.  New 
empirical  graphs  are  Included  for  estimating  long-term  variability  for  several  climatic  regions, 
based  on  data  that  have  been  ma^ie  available. 

For  path*  In  a  continental  temperate  climate,  these  predictions  are  practically  the  same 
as  those  published  In  1961.  The  reader  will  find  a  number  of  graph*  have  been  simplified  and  that 
many  of  the  calculation*  are  more  readily  adaptable  to  computer  programming.  The  new  material 
on  time  availability  and  service  probability  In  several  climatic  regions  ehould  prove  valuable  for 
areas  other  than  the  U.  S.  A. 

Changes  In  this  revision  concern  mainly  sections  2  end  10  of  volume  1  and  annexes  I,  II  and 
V  o'f  volume  2,  and  certain  changes  In  notation  and  symbols.  The  latter  change*  make  the  notation  . 
more  consistent  with  statistical  practice. 

Section  10,  Long-Term  Power  Fading  contains  additional  material  on  the  effects  of 
atmospheric  stratification. 

For  convenience  in  using  volume  2,  those  symbol*  which  are  found  only  In  an  annex  are 
listed  and  explained  at  the  end  of  the  appropriate  annex.  Section  12  of.  volume  1  lists  and  explain* 
only  those  symbols  used  In  volume  1. 


Note:  This  Technical  Note  consist*  of  two  volume*  a*  indicated  ) n  the  Table  of  Contents. 
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Annex  I 


AVAILABLE  DATA,  STANDARD  CURVES,  AND  A  SIMPLE  PREDICTION  MODE I. 

The  simplest  way  to  predict  long-term  median  transmission  loss  values  would  be  to 
use  a  beet-fit  curve  drawn  through  measured  data  (i  epresented  by  their  overall  median  values) 
plotted  as  function  of  path  length.  Such  a  method  ignore*  essentially  all  of  our  understanding 
of  the  physics  of  tropospheric  propagation,  is  subject  to  especially  large  errors  over  rough 
terrain,  and  such  empirical  curves  represent  only  the  conditions  for  which  data  are  available. 

Curves  that  may  be  useful  for  establishing  preliminary  allocation  plans  are  presented 
in  section  1.2  of  this  annex.  These  "standard"  curves  were  prepa-ed  for  a  fixed  combination 
of  antenna  heights  and  assume  propagation  over  a  smooth  earth.  The  curves  are  not  suitable 
for  use  on  particular  point-to-point  paths,  since  they  make  no  allowance  for  the  wide  range 
of  propagation  path  profiles  or  atmospheric  conditions  that  may  be  encountered  over  particular 
paths. 

A  method  for  computing  preliminary  reference  values  of  transmission  loss  la  described 
in  section  I.  3.  This  method  is  based  on  a  simple  model,  may  readily  be  programmed,  and  is 
especially  useful  when  little  la  known  of  the  detalU  of  terrain. 


V 

:< 

A 


I.  :  Available  Data  as  a  Function  of  Path  Length 
Period-of-recora  median  values  of  attenuation  relative  to  free  apace  are  plotted  vs. 
distance  in  figures  I.  1  to  1.4  for  a  total  of  750  radio  paths,  separating  the  frequency  ranges 
40-l('d  MHz,  150-600  MHz,  600-1000  MHz,  and  1-10  GHz.  Major  sources  of  data  other 
than  those  referenced  by  Herbstreit  and  Rice  [19 59  j  are  either  unpublished  or  are  given  by 
Bray,  HopKina,  Kitchen,  and  Saxton  [1955],  Bullington  [1955].  duCastel  [1957b],  Crysdale 
[1958].  Crysdale,  Day,  Ccok,  Psutka,  and  Robillard  [1957  ],  Dclukhanov  [1957  ],  Grosskopf 
[1956],  Hirai  [1961a,  b],  Josephson  and  Carlson  [1958J,  Jowett  [1958  ],  Joy  [1958a,  b].  Kitchen 

and  Richmond  [1957],  Kitchen,  Richards,  and  Richmond  [1958),  Millington  and  Isted  [1950], 

.w  * 

Newton  9 53  ] ,  Onoe,  Hirai,  and  Niwa  11958],  Rowden,  Tagholm,  and  Stark 

119^.  Ugai  [1961],  and  Vvedenskii  ana  Sokolov  [1957  ] 

Three  straight  lines  were  determined  for  each  of  the  data  plots  shown  in  figures  1  1 
to  1.4.  Near  the  tr^pmitting  antenna,  A  =  0  on  the  average.  Data  for  intermediate  dis¬ 
tances.  where  the  a^||rage  rate  of  diffraction  attenuation  is  approximately  0.09  fJ  db  per 
kilometer,  deteryit^e^  second  straight  line.  Data  for  the  greater  distanc  a.  where  the  level 
of  forward  scatter  fi^^s  is  reached,  determine  the  level  of  a  straight  line  with  a  slope  varying 
from  1/18  to  er  kilometer,  depending  on  the  frequency 

The  c^j^jj^tjiT'Ves  of  figures  I.  1-1  3  show  averages  of  broadcast  signals  recorded  at 


it 

2500  rahdtnVflocationB  in  six  d»fferent  areas  of  the  United  States  The  data  were  normalized 
and  300-meter  antenna  heights,  and  to  frequencies  of  90,  230,  and  7  50  MHz. 

_  _______ _ 

reproduced  from 
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Ter  '>.is  data  snir.p’c  [TASO  !c5°j,  average  fields 
lions  were  not  carefully  selected,  as  they  were  for 
The  extremely  large  variance  of  iong-term 


are  lev  mainly  he.  au:  '.  thi  rc'-eiver  :•-« 
most  other  p^thr-  f r  v-hich.  Gaia  arc  pr.ovr, 
median  transmission  loss  values  recorded 


over  irregular  terrain  is  due  mainly  to  differences  in  terrain  profiles  and  eifect-.ve  antenna 


heights.  For  a  given  distance  and  given  antenna  heights  a  wide  range  of  angular  distances  is 
possible,  particularly  over  short  diffraction  and  extra -diffraction  paths.  Angular  distance, 
the  angle  between  radip  horizon  rays  from  each  antenna  it.  the  creat  circle  plane  containing 
the  antennas,  is  a  very  important  parameter  for  transmission  loss  calculations,  (see  section 
61.  Figure  I.  5  shows  for  a  number  of  paths  the  variability  of  angular  distance  relative  to 
its  value  over  a  smooth  spherical  earth  a6  a  function  of  path  distance  anc  antenna  heights. 

Most  of  the  "scatter"  of  tht  experimental  long-term  medians  shewn  in  figures  I.  1  - 

1.4  16  cue  to  path-to-path  differences.  A  small  part  of  this  variation  is  cue  to  the  lengths  of 
the  recording  periods.  For  all  data  plotted  ir.  the  figures  the  recording  period  exceeded  two 
weeks,  for  62.C  paths  it  exceeoec  one  month,  and  for  90  paths  recordings  were  made  for  more 
than  a  year. 

An  evaluation  o!  tne  differences  between  predicted  ar.c  measureo  transmission  ioss 
values  ir  discussed  briefly  it.  annex  V.  in  evaluating  a  prediction  method  fey  its  variance 
from  observed  data,  it  is  important  to  remember  tnat  this  variance  is  strongly  influenced  by 
the  particular  data  sample  available  for  comparison.  Thus  it  is  most  important  tnat  these 
data  samples  be  as  representative  at  possible  of  the  wide  range  of  propagation  path  conditions 
iiKely  to  be  encountered  ir.  the  various  types  of  service  anc  in  various  parts  of  the  world 

To  aid  in  deciding  whether  it  is  worthwhile  to  use  tne  point-to-point  prediction  method 
outlined  ir.  sections  4  -  10.  instead  of  simpler  methods,  figure  1  b  shows  ’he  cumulative  die- 
tri button  of  deviations  o:  oredicted  from  observed  long-term  median  values.  The  dash-aottoc 
rurvi  shows  the  cumulative  distribution  of  deviations  from  the  lines  drawn  in  figures  I.  1  - 

1.4  for  all  available  data.  The  solid  and  dashed  curvet  compare  predictions  based  on  these 
figures  with  ones  using  tne  point-to-point  mc’r.oc  for  the  same  paths.  Note  tnat  the  detailed 
i  aim  - lo-point  method  i  oulc  no;  be  used  in  man-  cases  because  o:  the  lack  of  terra-.r.  profiler 

Figure  1.  (■  shows  a  much  greater  variance  of  data  trerr.  the  "empirical"  curves  o!  lip - 

■>  ••  ■  i 

ure;  1.  1  -  i.  4  to:  tne  sample  of  7r0  paths  tnar.  for  tne  smaller  samp-e  0;  217  paths  for  which 
terrain  profiles  are  available.  The  wide  scatter  of  data  ilisutratec  in  figure  1.4  for  the  fre¬ 
quence  range  1  -  1 0  G  Hr  appears  t:.  be  mainlv  responsible  for  this.  Figure  1.4  appears  to 
snow  that  propagation  ir  much  more  sensitive  io  differences  in  terrain  profiles  at  tnes<  highe: 
trecucncics  as  migri:  bt  exoected.  Ini  point -to-point  prediction  methods."  dcurnciint  or.  a 
number  o :  p?r.  eters  cesioe*  distance  and  frequency,  are  aiBO  empiric^!*  since  tne-.  are 
r.'.adr  to  agree  with  available  data,  bui  estimates  of  their  reliability  ovof  a  period  rears 
nave  not  varied  a  great  deal  with  tne  size  of  trie  sample  of  data  made  available  Sot  ccmpaii- 
sou  with  them. 

Reproduced  from 
boil  available  copy. 


1.2  Standard  Polnt-to-Point  Transmission  Lose  Curve* 

A  *et  oi  standard  curvet  of  basic  transmission  loaa  veraua  dlitance  is  preaented  in 
figure*  I.  7  to  I.  26 .  Such  curvet  may  be  uaeful  for  establishing  p.  *'lmlnary  allocation  plan* 
but  they  are  clearly  not  suitable  for  use  on  particular  point- to- point  paths,  since  they  make 
no  allowance  for  the  wide  range  of  propagetlon  path  terrain  profile*  or  atmoephe rlc  condi¬ 
tion*  which  rnay  be  encountered.  Similar  curve*  developed  by  the  CCJR  [  196Jg;  1963h]  are 
subject  to  the  asm*,  limitation . 

The  standard  curve*  ahow  predicted  levels  of  baalc  tranamiaaion  loss  veraua  pith 
distance  for  0.01  to  99.9°  percent  of  all  hours.  These  curve*  were  rVained  using  the 
point-to-point  predictions  for  a  amooth  earth,  N  =301,  antenna  heights  of  30  metera, 
and  estimate*  of  oxygen,  water  vapor,  and  rain  absorption  described  in  section  3.  Cumu¬ 
lative  distribution*  of  hourly  median  transmission  loaa  for  terrestrial  link.*  may  be  read 
from  figurea  I.  7  to  1.  17  for  distance*  from  0  to  1000  kilometer*  and  for  0.1,  0.2,  0.5, 

1,  2,  5,  10,  22,  32,  5,  60  and  100  GFa  .  The  same  information  may  be  obtained  from 
figures  1.18  to  !.  20 . 

For  earth-space  links,  It  is  Important  to  know  the  attenuation  relative  to  tree  apace, 

A,  between  the  earth  station  and  apace  station  at  a  function  of  distance,  frequency,  and  the 

angle  of  elevation,  8^,  of  the  apace  station  relative  to  the  horizontal  at  the  earth  station 

[  CC1R  19631;  196JJ]  .  Using  the  CCLR  baalc  reference  atmosphere  ,  [  CCIR  Report  231, 

1963s]f  tandard  propagation  curves  providing  *hla  information  for  2,  5,  10,  22,  32.5,  60 

and  100  GHz,  for  0.01  to  99.99  percent  of  all  hour*,  and  for  9.  *  0,  0.03,  0.  1,  0.  3, 

n 

1.0,  ana  ir/2  radian*  are  shown  in  figure*  i.  21-1.  26,  where  A  Is  plotted  against  the 
straight-line  distance  r  between  antennae .  The  relationship  between  A  and  L,  la 

O  D 

given  by 

»  A  -r  »  A  +  32. 45  ♦  20  log  f  +  20  log  r  db  (I.  1) 

where  f  is  the  radio  frequency  in  megahertz  and  r  i*  the  atralght-llnc  distance  between 
antennae,  expreaaed  in  kilometer  a  . 

The  curve*  In  figurea  1.7-1.26  provide  long-term  cumulative  distribution*  of  hourly 
median  value*.  Such  standard  propagation  curve*  are  primarily  uaeful  only  for  general 
qualitative  analyses  and  clearly  do  not  take  account  of  particular  terrain  profiles  or  par¬ 
ticular  climatic  effect*,  For  example,  the  tr&nsrnlsiion  lots  at  the  0  1%  and  0.  1  'Is  levels 
will  be  substantially  smaller  in  maritime  climates  where  ducting  condition*  are  more 
common. 

- 

The  transmission  lot*  prediction*  for  thl*  atmoaphere  arc  essentially  the  lime  a* 

prediction*  for  N  »  30  1 . 

s 
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PERIOD  OF  RECORD  MEDIANS  VERSUS  DISTANCE 

FREQUENCY  RANGE  40-150  MHz;  MEDIAN  FREQUENCY:  90MHz 

343  PATHS 


1-4 


DISTANCE  IN  KILOMETERS 


PERIOD  OF  RECORD  MEDIANS  VERSUS  DISTANCE 

FREQUENCY  RANGE:  150-600  MHz ;  MEDIAN  FREQUENCY  230MHz 

183  PATHS 


PERIOD  OF  RECORD  MEDIANS  VERSUS  DISTANCE 

FREQUENCY  RANGE:  600-I000MH2;  MEDIAN  FREQUENCY:  750MHz 

108  PATHS 


PERIOD  OF  RECORD  MEDIANS  VERSUS  DISTANCE 

FREQUENCY  RANGE  KXXHO.OOO MHz .  MEDIAN  FREQUENCY:  3500MHz 

MO  RftTHS 
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DISTANCE  IN  KILOMETERS 


ANGULAR  DISTANCE  VERSUS  DISTANCE  FOR  THE  290  PATHS  FOR  WHICH 
TERRAIN  PROFILES  ARE  AVAILABLE 


THE  CURVES  SHOW  ANGULAR  DISTANCE,  9,  AS  A  FUNCTION  OF  DISTANCE 
OVER  A  SMOOTH  EARTH  OF  EFFECTIVE  RADIUS  =  9000  KILOMETERS 


THE  WIDE  SCATTER  OF  THE  DATA  ON  THIS  FIGURE  ARISES  ALMOST  ENTIRELY 
FROM  DIFFERENCES  IN  TERRAIN  PROFILES,  AND  ILLUSTRATES  THE 
IMPORTANCE  OF  ANGULAR  DISTANCE  AS  A  PREDICTION  PARAMETER 


Flgur»  15 
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TRANSMISSION  LOSS,  EXPRESSED  IN  DECIBELS 


CUMULATIVE  DISTRIBUTION  OF  DEVIATIONS  ^OBSERVE0 
FROM  PREDICTED  VALUES  OF  TRANSMISSION  LOSS 


1*9 


STANDARD  PROPAGATION  CURVES 
HOURLY  MEDIAN  BASIC  TRANSMISSION  LOSE 
VERSUS  OiSTANCE  AND  TIME  AVAILABILITY 
EREQUENCY  0 t GHi  h„ -h„  =  30m 


PATH  DISTANCE  IN  KILOMETERS 


STANDARD  PROPAGATION  CURVES 
ourly  med.an  basic  transmission  loss 
VERSOS  DISTANCE  and  time  availability 
FREQUENCY  O  Z  GHl  ht„  *  =  30m 


LOMETERS 


STANDARD  PROPAGATION  CURVES 

HOURLY  MECIAN  SAS^C  TRANSMISSION  LOSS 
VERSUS  DISTANCE  AND  TIME  AVAlLA8IL.IT V 
FREOUENCT  I  GHl  h„  ;  h„  =  30  m 
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PATH  DISTANCE  IN  KilOMETEP' 


STANDARD  PROPAGATION  CURVES 

HOURLY  MEDIAN  BAElC  TRANSMISSION  LOSS 
VERSUS  DISTANCE  ANO’IME  AVAIL  ABIliTY 
FREQUENCY  ?>  GHf  h„  ■  h,.  •  30 r 


D  PROPAGATION  CURVES 


STANDARD  PROPAGATION  CURVES 

ICURLY  MEDIAN  BASIC  TRANSMISSION  LOSS 
/ERS'JS  DISTANCE  AND  Tir/E  AVAILABILITY 
FREQUENCY  32.5  GHz  ht»h  >30m 


Si 30 1 330  Ni  S90*>  NOiSSiwsriTKl  Di^vQ 
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PATH  OiSTANCE  IN  KILOMETERS 


STANDARD  PROPAGATION  CURVES 

HOURLY  MEDIAN  BASIC  TRANSMISSION  LOSS 
VERSUS  DISTANCE  AND  t!ME  availability 
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DISTANCE  W  KILOMETERS 
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ATTENUATION  BELOW  FREE  SPACE  IN  db  ATTENUATION  BELOW  FREE  SPACE  IN  db 


STANDARD  PROPAGATION  CURVES  POR  EARTH  SPACE  LINKS 
0O  «  0  03  RADIANS 

NO  ALLOWANCE  HAS  BEEN  MADE  FOR  GROUND  REFLECTION 


ATTENUATION  BELCW  FREE  SPACE  IN  db  ATTENUATION  BELOW  FREE  SPACE  IN  db 


ATTENUATION  BELOW  FREE  SPACE  IN  dfe  ATTENUATION  BELOW  FREE  SPACE  IN  db 


I.  3  Preliminary  Reference  Value*  of  Attenuation  Relative 
to  Free  Space,  A 

1.3.1  Introduction 

Three  main  element*  of  the  problem  of  prediction  are  the  intended  application,  the 
characteristic*  of  available  data,  and  the  basi*  of  relevant  propagation  model*.  The  theoret¬ 
ical  ba*l*  of  the  model  propoted  here  1*  simple,  and  its  advantages  and  limitations  are  easily 
demonstrated.  Preliminary  comparison*  with  data  indicate  standard  error*  of  prediction  con¬ 
siderably  greater  than  those  associated  with  the  specific  methoda  described  in  volume  1,  which 
are  designed  for  particular  applications.  However,  the  method  described  below  1*  especially 
useful  when  little  1*  known  of  the  detail*  of  terrain;  it  may  readily  be  programmed  for  a  digital 
computer;  and  it  is  adequate  for  most  applications  where  a  preliminary  calculated  reference 
value  A  of  attenuation  relative  to  free  space  is  dtsvrsd.  The  minimum  prediction  param¬ 
eters  required  are  frequency,  path  distance,  and  effective  antenna  heights.  For  the  other 
parameters  mentioned  typical  values  are  suggested  for  situation*  where  accurate  values  are  not 
knovn. 

For  radio  Une-of-aight  paths  the  :alc  ulf.tei  ,-efcrei.ct  .  Llue  A  Is  either  a  "fore- 

cr 

gr ound  attenuation”  A  or  an  extrapolated  value  of  diffraction  attenuation  A  ,  whichever  is 
f  d 

greater.  For  transhorizon  paths,  A  is  either  equal  to  A,  o.v  to  a  forward  scatter  attenua- 

<;r  c1 

tlon  A  ,  whichever  is  smaller . 

t 

1.3.2  The  Terrain  Roughness  Factor  A h 

Different  types  of  terrain  are  diatlnguished  according  to  the  value  of  terrain  rough¬ 
ness  factor  Ah.  This  is  the  Uiterde.cUo  range  of  terrain  heights  in  Rioters  abets  and  oeRw  a 
straight  line  fitted  to  the  nveiage  slop*  of  the  terrain.  When  terrain  profiles  are  available  Ah 
Is  obtained  by  plotting  terrain  heights  above  sea  level,  fitting  a  straight  line  by  lca.t  square* 
to  define  the  average  slope  and  obtaining  a  cumulative  distribution  of  deviations  of  terrain  heights 
from  the  straight  line.  Ordinarily  Ah  will  increase  with  distance  to  an  asymp  otic  value.  This 
It  the  value  tc  he  used  in  these  computations. 

When  terrain  profiles  are  not  available  estimate*  of  Ah  may  be  obtained  from  the  fol¬ 
lowing  t  cblft; 


TABLE:  I.  1 


Type  of  Terrain  Ah  (meters) 

Water  or  very  smooth  teiraln  (5-1 

Smooth  terrain  10-20 

Slightly  rolling  terrain  40-60 

Hilly  terrain  80-160 

Ruggod  mountains  200-502 
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1.  3.  3  The  Diffraction  Attenuation  A 

a 

If  the  earth  le  emooth  A^  c  R  la  computed  using  the  method  described  In  section  8  of 
volume  1.  If  the  terrain  Is  very  Irregular,  the  path  Is  considered  as  though  It  were  two  simple 
knife  edges:  a)  transmitter-first  ridge-second  ridge,  and  b)  first  ridge-second  ridge- 
receiver.  The  total  diffraction  attenuation  K  is  then  the  sum  of  the  losses  over  each  knlfe-e  dge. 

K  -  A  (vlt0)  ♦  A  (v2.0)  (I.  1) 

These  functions  are  defined  by  (1.7)  to  (I.  12). 

The  main  features  of  a  transhorleon  propagation  path  are  the  radio  horizon  obstacles, 
the  radio  horizon  rays  and  the  path  distance  d,  which  is  greater  than  the  sum  d^  of  the  dis¬ 
tances  d  and  d  to  the  radio  horlaons  of  the  antennas.  The  diffraction  attenuation  A  de- 
lwt  L-  r  a 

pends  on  d,  d^,  d^ ,  the  minimum  monthly  mean  surface  refractlvlty  N  ,  the  radio  fre¬ 
quency  f  In  MHz,  the  terrain  roughness  factor  Ah,  and  the  sum  9^  of  the  elevations  9  ^  and 
0cr  of  horizon  rays  above  the  horizontal  at  each  antenna.  The  latter  .parameters  may  be  meas¬ 
ured,  or  rnay  be  calculated  using  (6.  IS)  of  volume  1. 

In  general,  the  diffraction  attenuation  A^  is  a  weighted  average  of  K  and  R  plus 
an  allowance  A.  for  absorption  and  scattering  by  oxygen,  water  vapor,  precipitation,  and 
terrain  clutter; 


Ad>(l*A|KHHtAb|  (1.2) 

where  A  is  an  empirical  weighting  factor: 


A  -  [l,0.0„(*Vv 

(1.3) 

d.  =  d.  +  d.  km 

L  Lt  Lr 

(1.4) 

6  =  8e  +  d  /a  radians, 

(1.5) 

a  =  6370/[  1  -  0.04665  exp  (0.00S577  N  )] 

(1.6) 
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The  angular  distance  6  Is  In  radians  and  the  wavelength  X.  Is  expressed  in  meters.  The 
parameter  (a  6  +  d ;  ) / d  In  (1.  5)  Is  unity  (or  a  smooth  earth,  where  Ah/X  Is  small  and  A  a  1  . 
for  very  Irregular  terrain,  both  Ah  Ik  and  (a  6  +  d^)/d  tend  to  be  large  so  that  AaO  . 

The  following  set  of  formulas  used  to  calculate  K  and  R  are  consistent  with  sections 
7  and  8,  volume  1. 


V1.2S  1  2915  9[fdI.t,r(d-dl.,/(d-dL 

r*-02  +  9.  li  v  .  1. 27  v2  for 
A(v.O)  =  j 

*•  12.953  +  20  log  v  for 

R  *  G  (xQ)  -  F  (xt)  -  F  (x2)  -  Cj 


+  d,  )  |> 
Lt.  r  j 


0  <  vs  2.4 
v  >  2. 4 


(K1,2> 


(1.7) 


(1.8) 

(1.9) 


x.  K  B  d  ,  x  a  B  d  ,  x  =  B  D  +  x  ♦  x 
1  oi  Lt  2  oi  Lr  0  os  s  1  Z 


.ft  c2 


B  .  f*  C"  B,  B  =  ft  C2  B,  B  «  f»  C"  B 

0)  01  1  OI  01  2  OS  08  s 


.ft  c2 


C  =  (8497/a, )T  C  .(8497/a,)1  C  •  (8497/a  )» 
0)  1  01  i  08  s 


(i.  10) 


(i.  ID 


dLt/i2\e> 


dLr/‘2hre> 


D(/0 


u.  u) 


If  the  path  distance  d  Is  less  than  d}  as  given  by  (1.  13),  It  Is  advisable  to  calculate 
for  larger  distances  d^  and  d^  and  to  extrapolate  a  straight  line  through  the  points 
(A^,  d^)  and  (A^,  d^)  back  to  the  desired  value  (A,  d)  ,  The  following  is  suggested  for 

and  d,  : 

4 

2  4  2  X 

d  =d  +0,5(a  /!)'  km ,  d ,  ®  d,  +  (a  /  f)  *  km  (I.  13) 

3  1.  4  3 


1.3.4  The  Forward  Scatter  Attenuation,  A 

s 

The  scatter  attenuation  A  for  a  transhorizon  path  cepends  on  the  parameters  d,  Nf, 

f,  9  .  h  ,  h  and  A,  ,  If  the  product  0d  of  the  angular  distance  0  and  the  distance  d  Is 
e  te  re  b*  r  • 
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greater  than  0.5.  the  forward  scatter  attenuation  la  calculated  for  comparison  with  : 


S  +  10J.4  ♦  0.  JJ2  0d  -  10  log  (0d)  for  0. 5  <  0d  s  10 

-  S  +  97.  1  +  0.  212  0d  -  2.  5  log  (0d)  for  10s8ds70 
*  S  +  86.8  +  0.  197  0d  +  5  log  fed)  for  Od  i  70 

S  =  H  +  10  log  (fa4)  -  o.  1  (N  -  101)  exp(-0  d/40)  +  Abg 

O  • 


H 

o 


0.007  -  0.058  0  | 


or 


H  =15  db,  whichever  la  smaller. 

o 


(1.  14) 

(1.15) 

(I.  16) 


The  reference  attenuation  A  -  A^  if  A^  <  Ad  . 

1.3,5  Radio  Llne-of-Slght  Patha 

For  llne-of-alght  patha  the  attenuation  relative  to  free  apace  increaaea  abruptly  a«  d 
approaches  d  .  so  an  estimate  of  dL  l.  required  in  order  to  obtain  .  For  sufficiently 

high  antennas,  or  a  sufficiently  amooth  earth,  (see  [1.18]).  d^  and  d^  are  expected  to 
equal  the  amooth  earth  values  dLj{  and  <lj_gr  : 

d  =  a  *"*•  dLar  =  'vC7fr°2  *  \e  km  (I-17> 

where  a  la  the  effective  earth1  s  radius  in  kilometers  and  h(#  are  height#  In  maters 

above  a  alngle  reflecting  plane  which  la  assumed  to  represent  the  dominant  effect  of  the  terrain 
between  the  antennas  or  between  each  antenna  and  its  radio  horUon.  The  effective  reflecting 
plant  Is  usually  determined  by  inspection  of  the  portion  of  terrain  which  is  visible  to  both  an- 

tennas. 

For  a  "typical"  or  "median"  path  and  a  given  type  of  terrain  d^  and  d^  may  be  es¬ 
timated  aa 

dLt  *  dL»t  (  1  *  °.9  eap(-l.  5  vh^  /  hJJ  km  (I.18a) 


d  =  d  [  1  ±  0.9  exp(-l.  5  '/H  PH]]  km.  (I.18b) 

Lt  Lar  re 


If  for  a  median  path  an  antenna  Is  located  on  a  hilltop,  the  plus  sign  in  the  corresponding  square 

bracket  in  (I.  18a)  or  (I.  18b)  is  used,  and  If  the  antenna  is  behind  a  hill,  the  minus  sign  1*  used. 

Tf  d  =  d  +  d  Is  less  than  a  Known  llne-of-alght  path  distance  d.  the  estimate#  (1.18a) 
L  Lt  Lr 

and  (I.  18b)  are  each  Increased  by  the  ratio  (d/d^)  a o  that  =  d  . 


0 
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For  example,  In  a  broadcasting  situation  with  =  ISO  meters, 


h  =10  meters,  and 
re 


Ah  -  50  meters,  (1.18)  using  minus  signs  indicates  that  d,  =  0.97  d.  and  d  =  0.63  d 

Lt  Lat  Lr  Lsr 

For  small  crating  angles,  (5.6)  and  (5.  9)  of  volume  1  may  be  combined  to  describe 
line -of- sight  propagation  over  a  perfectly-conducting  smooth  plane  earth: 

,3  . 


A  =  20  log  ! 


|  K  d  •  10' 


I  4  tt  h  h 
“•  te  re 


db 


(I.  19) 


where  d  is  in  kilometers  and  h  ,  A  ,  and  the  radio  wavelength  X,  are  in  meters.  This 

formula  is  not  applicable  for  small  values  of  \d/(h  h  )  ,  where  the  median  value  of  A  is  ex- 

te  re 

pected  to  be  zero.  It  la  proposed  therefore  to  add  unity  to  the  argument  of  the  logarithm  in  (I.  19) 

The  expression  (I.  19)  is  most  useful  when  d  la  large  and  nearly  equal  to  d  Better 

3 

agreement  with  data  is  obtained  if  d  is  replaced  by  d^  and  the  constant  10  /(4n)  is  replaced 
by  Ah/X.,  the  terrain  roughness  factor  expressed  in  wavelengths.  Accordingly,  the  foreground 
attenuation  factor  A^  can  be  written  as 


A,  =  20  log  f  1  +  d.  Ah/ (h  h  )  +  A  db. 

f  L  te  re  J  bs 


(I.  20) 


The  absorption  defined  following  (1.2)  is  discussed  In  sections  3  and  5  of  volume  1.  For 

frequencies  less  than  10,000  MHz  the  major  component  of  Afa<  is  usually  due  to  terrain  clutter 
such  as  vegetation,  buildings,  bridges,  and  power  lines. 

For  distances  small  enough  so  that  A{  is  greater  than  the  diffraction  attenuation  ex¬ 
trapolated  into  the  llne-of-slght  region,  the  calculated  attenuation  relative  to  free  space  A  * 

is  given  by  (1.20)  and  depends  only  on  h  ,  h  ,  Ah,  A.  and  an  estimate  of  d  .  For  long 

to  re  b»  L 

llne-ot-sight  paths,  the  foreground  attenuation  given  by  (1.20)  is  less  than  the  extrapolated  dif¬ 
fraction  attenuation  A.,  so  A  =  A  .  . 

d  cr  d 

If  d  ,  d  ,  and  6  are  known,  these  values  are  used  to  calculate  A,  .  Otherwise, 
I-* »  r  6  d 

(1.  16)  may  be  used  to  estimate  d,  .  and  d,  ,  and  0  is  calculated  as  the  sum  of  a  weighted 

Lt  Lr  e  5 

average  of  estimates  of  0  and  6  for  smooth  and  rough  earth.  For  a  smooth  earth, 

et  er 


0  =  -0.002  h  la  radians, 

et,  r  te,  re  Lt,  r 


and  for  extremely  Irregular  terrain  it  has  been  found  that  median  values  are  nearly 


6  =  (Ah/2)/(d  •  10  )  radians. 

®»i  r  jLt,  r 


Using  d.  /d  and  (1  -  d  /d  )  respectively  as  weights,  the  following 

i-w  r  L-9C,  r  Lt,  r  Lit,  r 

formula  it  suggested  for  estimating  6^  ^  when  this  parameter  is  unknown: 
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et,  r 


0.000 

d, 

L*t, 


;[(• 


lS,4h.4h 

dLt.r  )  te're 


It 


adiane 


0  s  0  4-0  or  0  »  -  d.  /a,  whichever  le  larger  algebraically,  (I.  21b) 

e  et  er  e  L 

A*  explained  following  (I,  12),  the  formulae  for  require  a  path  dletance  d  greater 
than  d^  .  For  a  line-of-elght  path  d  le  alwaye  leee  than  d^,  eo  A^  le  calculated  tor  the 
dletancee  d}  and  d^  given  by  (1.  13)  and  a  atralght  line  through  the  polnte  (Ay  d^)  and  (Ay  d^) 
la  extrapolated  back  to  the  deaired  value  (A,  d).  Thle  etraight  line  haa  the  formula 

A .  e  A  +  M'l  db  (1.22) 

d  a 


where 


M  *  (A  .  -A.  )/(d  -d)  db/km 

<U  dj  <  j 

(1.23) 

A  -A.  -  Md  db. 

e  d«  « 

il.  24) 

The  etraight  line  given  by  (1.22)  Inter eecte  the  level  Af 

where  the  path  dletance  ie 

df«(A{-A#)/M  km. 

(1.25) 

Tot  dad.,  A  »  A.. 

2  cr  z 

(I.  26a) 

For  4>d.,  A  *  A .  , 

1  cr  d  * 

(1.26K 

1.3.6  Ranges  of  the  Prediction  Parametere 
Theee  eetlmatea  of  A£f  are  Intended  for  the  following  rangee  of  the  baelc  parametere: 

TABLE  1.2 


20  s  (e  40,  000  MHa 

\/2  a  n  a  10,  000  m 
te.  re 

-d^/a  a  0^  a  0.2  radlane 

0.  1  d,  a  d,  a  3  d,  „ 
Let  Lt  Let 

0  a  Ah  a  500  m 


1  a  d  a  2000  km 


250  a  N  a  400 

e 

0  a  A.  a  50  db 

be 

0. 1  d,  ad,  a  3  d, 

Ler  Lr  L»r 
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1.3.7  Sample  Calculations 

Tabla  I.  3  llata  a  set  of  sample  calculations  referring  to  the  example  introduced  after 


Table  I.  1.  Values  for  the  following  independent  parameters  are  assumed:  =  1  50  tn ,  hf#  = 


10  m,  Ah  »  50  m  ,  N  *  30 1 ,  l  ■  700 

MHs.  d,  .  =  49,0  km,  d.  =8.2  km,  8  =  -0.00634 
Lt  J-f  ® 

radians,  A.  ■  0  db .  An  appropriate  equation  number  is  listed  In  parentheses  after  each  of 

Dl 

the  calculated  parameters  in  Table  1. 

3.  For  these  calculations  the  arbitrary  distance  d 

w&s 

2  \ 

set  equal  to  d^  +  1  Instead  of  d^+0.3(a  If)* 

TABLE  I.  3 

dL  *  57.  2  km 

(1.4)  a  =  8493  km 

(1.6) 

Ah/X  =  116.8 

Aj  =9.3  db 

(1.20) 

d3  *  58.2  km 

d .  =  105.  1  km 

4 

(I.  13) 

8j  ■  0.000  514  rad. 

fl  =  0.00603  rad. 

4 

(I.  5) 

»  0.096 

v^  =  1.95 

(X.  7) 

v^  ■  0.0174 

v .  *  1. 014 

1 4 

(1.8) 

V23  *  ®166 

v24  =  0.546 

(1.8) 

v3  Pj  *  0. 10 

v4  P4  *  1-87 

(1.9) 

P3*  1.04 

P4  >  0.96 

(1-9) 

A  (Vj,  0)  a  6. ')  db 

A(v4<0)  =  18.9  db 

(I.  10) 

A  (Vjy  0)  *  6.  2  db 

A  (v14.  0)  »  14.0  db 

(X.  10) 

A  (V23'  0)  1  6.2  db 

A  (v24'  °)  ”  10. 6  db 

(I.  10) 

A  (0,  p})  =  16.0  db 

A  (0,  p4)  =  14.7  db 

(I.  ID 

U  (vy  p3>  ■  -  .  9  db 

U(V4,  p4)  =  14.7  db 

(X.  12) 

Kj  *  12,4  db 

K4  =  24.  6  db 

(1.6) 

R3  •  18.  1  dB 

R4  -  55.3  db 

(I.  5) 

a  8  ♦  d 

r..  V  _  i  r\  CQ 

*  *4  *  dL 

d3 

d4 

Aj  ■  0. 667 

A4  ■ 0 , 669 

(I.  3b) 

A.  •  29.  5  db 
dj 

A  .  «  58.  5  db 
d« 

(I.  3a) 

d3  dj  =  0.0299 

d4  04  «  0.634 

H04=  3.8db 

(I.  16) 

S4  “  •  56. 5  db 

(I.  15) 

A g4  a  49.  1  db 

(I.  14) 

A  »  29.  5  db 

cr> 

A  >49.1  db 

CTi 

For  this  ex* mple,  M  =  0.619  db/ km ,  A#  *  -  6.  49  db,  and  df  =  Z5.  5  km  .  The  corresponding 

basic  transmission  loss  L.  and  field  strength  £.  for  distances  less  than  d  are  96.65  + 

bcr  bcr  I 

20  log  d  db  and  97.62  -  20  log  d  db,  respectively,  corresponding  to  a  constant  value  A  = 

Aj  =  9.  3  db  .  In  general: 
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=  32.45  +  20  log  d  +  20  log  f  +  A  db 
bcr  •  •  cr 


E.  »  106.92  -  20  log  d  -  A  db 
bcr  cr 


For  the  example  given  above,  L.  =  154.2  db,  L,  =  178.9  db,  E.  =  42.  1  db,  end 
r  bcri  bcr«  ben 

E.  =  17.4  db. 
bcr« 


<1.27) 

(1.28) 
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Annex  II 

AVAILABLE  POWER,  FIELD  STRENGTH  AND  MULTIPATH  COUPLING  LOSS 

XX.  1  Available  Power  from  the  Receiving  Antenna 
The  definition*  of  ayatem  loaa  and  tranainlaaion  loaa  in  volume  1  depend  on  the  concept 
of  available  power,  the  power  that  would  be  delivered  to  the  receiving  antenna  load  If  its 
impedance  were  conjugately  matched  to  the  receiving  antenna  impedance.  For  a  given  radio 
frequency  v  in  hertz,  let  z’v  ,  and  z^  represent  the  Impedances  of  the  load,  the 

actual  loaay  antenna  in  it*  actual  environment,  and  an  equivalent  loss-free  antenna,  res¬ 
pectively: 


iv 


=  r,  +  i  x, 
iv  iv 


(II.  la) 


z<  =  r'  + 
v  v 


1  x' 

V 


(II.  lb) 


z  =  r  +  ix 
v  w  v 


(II.  lc) 


where  r  and  y.  represent  resistance  and  reactance,  respectively.  Let  rep¬ 
resent  the  pow  r  cs'ivered  to  the  receiving  ante-.na  load  and  write  and  w  respectively, 

for  the  available  power  at  the  terminals  of  the  actual  receiving  antenna  and  at  the  terminals 
of  the  equivalent  loss-free  receiving  antenna.  If  v1^  is  the  actual  open-circuit  r.m.o. 
voltage  at  the  antenna  terminals,  then 


w,  = 

iv 


(II.  2) 


When  the  load  impedance  conjugately  matches  the  antenna  impedance,  so  that  z ^  =  z1^  or 

r^  =  r1^  and  x^  =  -x'^  ,  (II.  2)  shows  that  the  power  w^  delivered  to  the  load  is  equal  to 

the  power  w‘  available  from  the  actual  antenna: 
a  v  - 


(II.  3) 


Note  that  the  available  power  from  an  antenna  depends  only  upon  the  cliaracteristics  of  the 
antenna,  its  open-circuit  voltage  v'^,  and  the  resistance  r'^  ,  and  is  independent  of  the  load 


II- 1 


impedance,  Comparing  (II.  2)  and  (11.3),  we  define  a  mlematch  loee  factor 


w'  (  r'  +  r.  Y+  (*'  *  x.  Y 

4  .  ► _ iiX 

mV  Wfw  4  r-  r . 

w  iv 


(U.4) 


such  that  the  power  delivered  to  a  load  equals  w^LV^rnw*  When  the  load  impedance  conju- 
gately  matches  the  antenna  impedance,  ^mv  has  its  minimum  value  of  unity,  and  w  = 
w^.  Cor  any  other  load  impedance,  somewhat  less  than  the  available  power  is  delivered  to 
the  load.  The  power  available  from  the  equivalent  loss-free  antenna  is 


w 


>v 


(U.  5) 


where  v^  is  the  open  circuit  voltage  for  the  equivalent  loss-free  antenna. 

Comparing  (U.  3)  and  (11.  5),  It  should  be  noted  that  the  available  power 
terminals  of  the  actual  lossy  receiving  antenna  is  less  than  the  available  power  w 
for  a  loss-free  antenna  at  the  same  location  as  the  actual  antenna: 


at  the 

=  1  w' 
er  v  a  v 


I 

er  v 


(II.M 


The  open  circuit  voltage  v'^  for  the  actual  lossy  antenna  will  often  be  the  same  as  the  open 
circuit  voltage  v^  for  the  equivalent  loss-free  antenna,  but  each  receiving  antenna  circuit 
must  be  considered  individually. 

Similarly,  for  the  transmitting  antenna,  the  ratio  of  the  total  power  w|^  delivered  to 
the  antenna  at  a  frequency  v  is  i^v  times  the  total  power  w(k,  radiated  at  the  frequency  v: 


l 


etv 


tv 


(II.  7) 


The  concept  of  available  power  from  a  transmitter  is  not  a  useful  one,  and  f  for  the  trans- 

etv 

mitting  antenna  is  best  defined  as  the  above  ratio.  However,  the  magnitude  of  this  ratio  can 
be  obtained  by  calculation  or  measurement  by  treating  the  transmitting  antenna  as  a'receiving 
antenna  and  then  determining  I  to  be  the  ratio  of  the  available  received  powers  from  the 
equivalent  loss-free  and  the  actual  antennas,  respectively. 

General  discussions  of  f  are  given  by  Crichlow  et  al.[  1955]  and  in  a  report  pre¬ 
pared  under  CCIR  Resolution  No,  1  [Geneva  1963c]  .  The  loss  factor  I  ^  was  successfully 


determined  in  oet  cnee  by  measuring  the  power  w^  radiated  from  a  loss-free  target  trans¬ 
mitting  antenn.v  and  calculating  the  tranamistion  lose  between  the  target  transmitting  antenna 
and  the  receiving  antenna.  There  appears  to  be  no  way  of  directly  measuring  either  i  y  or 
I  without  calculating  some  quantity  such  as  the  radiation  resistance  or  the  transmission 
lose.  In  the  case  of  reception  with  a  unidirectional  rhombic  terminated  in  ite  characteristic 
impedance,  I  could  theoretically  be  greater  than  2  [Harper,  1941],  since  nearly  half 
the  received  power  is  dissipated  in  the  terminating  impedance  and  some  is  dissipated  in  the 
ground.  Measurements  were  made  by  Christiansen  [  1947]  on  single  and  multiple  wire  units 
and  arrays  of  rhombics.  The  ratio  of  power  lost  in  the  termination  to  the  input  power  varied 
with  frequency  and  was  typically  less  tnan  3  db. 

For  the  frequency  band  v.  to  v  it  is  convenient  to  define  the  effective  loss  fac- 

I  m 

tors  L  and  L  as  follows: 
er  et 


L  "10  log 
er  • 


L  b  10  log 
et  8 


(d  w  /dv)  dv 
av  ' 


(dw^  /dr)  dv 


(d  wj^/dv)  dv 


(d  wt ^/dv)  dv 


db 


db 


(II.  8) 


(II.  9> 


The  limits  v^  and  v^  on  the  integrals  (II.  8)  and  (II.  9)  are  chosen  to  include  es¬ 
sentially  all  of  the  wanted  signal  modulation  side  bands,  but  v^  is  chosen  to  be  sufficiently 
large  and  ^  sufficiently  small  to  exclude  any  appreciable  harmonic  or  other  unwanted  radia¬ 
tion  emanating  from  the  wanted  signal  transmitting  antenna. 


II.  3 


The  following  paragraph*  explain  why  the  concept*  of  effective  power,  and  an 
equivalent  plane  wave  field  strength  are  not  recommended  for  reporting  propagation 
data. 

A  half-wave  antenna  radiating  a  total  of  w(  watta  produce*  a  free  apace  field 
Intensity  equal  to 

s  =  1,61  w  1(4  irr^)  watts;  km^ 
o  t  ' 


(II.  16) 


at  a  distance  r  ki'c.r.eters  In  Its  equatorial  plane,  where  the  directive  gain  is  equal  to  its 
maximum  value  1 , 64  ,  or  2.  1  5  db  .  The  field  is  linearly  polarised  in  the  direction  of  the 
antenna.  Jn  general,  the  field  Intensity  s  at  a  point  r  in  free  space  and  associated  with 
the  principal  polarisation  for  an  antenna  is 


»  ( r )  =  w  g  (r)/(4rrr  )  watts/ kit 
P  e  P 


(II.  17) 


as  explained  In  a  later  subsection.  In  (JI.  17),  r  =  r  r  and  g^(r)  is  the  principal  polarisation 

directive  gain  in  the  direction  r  .  A  Bimilar  relation  holds  tor  the  field  intensity  b  (r)  as- 

c 

soclated  with  the  cross-polarised  component  of  the  field. 

Effective  radiated  power  it  associated  with  a  prescribed  polarisation  for  a  test  antenna 

and  it  determined  by  comparing  Sq  as  calculated  using  a  field  Intensity  meter  Or  standard 

signal  source  with  s  as  measured  using  the  test  antenna: 

P 


Effective  Radiated  Power  =  W  +  10  log  (a  la  ) 


\  +  G  (r,) 

t  pt  1 


2.  15  dbw 


(II.  18) 


where  G^r^)  l*  the  principal  polarisation  directive  gain  relative  to  ft  half-wave  dipole  in  the 
direction  r  ^  towards  the  receiving  antenna  in  free  space,  anti  in  general  is  the  initial  direction 
of  the  most  important  propagation  path  to  the  receiver. 

These  difficulties  in  definition,  together  with  those  which  sometimes  arise  in  attempting 
to  separate  characteristics  of  an  antenna  from  those  of  its  environment,  make  the  effective 
radiated  power  an  Inferior  parameter,  compared  with  the  total  radiated  power  W  ^ ,  which 
can  be  more  readily  measured.  The  following  equation,  with  \V  determined  from  (U.  1b), 
may  be  used  to  convert  reported  values  of  Effective  Radiated  Power  to  estimates  of  the  trans¬ 
mitter  power  output  when  transmission  line  and  mismatch  losses  1_  and  the  power 

radiation  efficiency  l/i  are  known: 

’  et 


W,  =  W 1  +  L .  =  W  +  L  +  L.  dbv 

ft  t  ft  t  et  ft 


(II.  19) 


The  electromagnetic  field  is  a  complex  vector  function  in  space  and  time,  and  informa¬ 
tion  about  amplitude,  polarisation,  and  phase  is  required  to  describe  it.  A  real  antenna  re¬ 
sponds  to  the  total  field  surrounding  it,  rather  than  to  E,  which  corresponds  to  the  r.  m.  s. 
amplitude  of  the  usual  "equivalent"  electromagnetic  field,  defined  al  a  single  point  and  for  a 
specified  polarization. 
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Con  t  Ids  r  tb*  jo>v*r  *v«..V4*d  over  escb  half  cycle  as  the  "Instantaneous  available 
•If a>w.,  pOasr,  w^ 

/  ‘  "  '  '■  ■  "■  2 

w  =  v  /R  watts 

,  »  v 

>»hert  v  i»  the  r.m.u,  voltage  end  ie  the  reel  pert  of  the  impedance  of  the  re¬ 

ceiving  antenna,  expressed  In  ohms.  The  olgral  power  w  available  from  tn  actual  receiving 

W 

antenna  is  a  directly  inch* arable  quantity. 

The  field  strength  end  power  flux  density,  on  the  other  band,  cannot  be  meaeuxed  di¬ 
rectly,  and  both  dopend  on  the  environment.  In  certain  idealised  situations  the  relationship 
of  field  strength  «,  snd  power  flux  density,  «,  to  the  available  power  may  be  expressed  as 

s  ~  e^/x  =  w^4w/(g\^)  wstts/m^ 

where  e  Is  the  r.m.s.  electric  field  strength  In  vclts/m,  a  Is  the  impedance  in  free  space 
in  ohms,  \  Is  the  free  space  wavelength  In  meters  end  g  is  the  maximum  gain  of  the  re¬ 
ceiving  antenna. 

The  common  practice  of  carefully  calibrating  a  field  strength  measuring  system  In  an 
idealised  environment  and  then  using  It  In  some  other  environment  may  lead  to  appreciable 
errors,  espsclally  when  high  gale  receiving  antennas  are  used. 

For  converting  reported  values  of  E  in  dbu  to  estimates  of  W  or  estimates  of 
the  available  power  W  at  the  input  to  a  receiver,  the  following  relationships  may  be  use¬ 
ful: 


w 

=  E  +  L  +  L,  -  G 

+  L  . 

ft 

it  ft  t 

pb 

w 

=  E  -  L  _  r  +  G 

-  L 

Ir 

Ir  fr  r 

gP 

W.  =  W1  -  L  =  W  -  L  -  L,  dbw 
Ir  a  Ir  a  er  fr 


(U.  20) 
(II.  21) 
(U.  22) 


In  terms  of  reported  values  of  field  strength  E  ^  in  dbu  per  kilowatt  of  effective 


radiated  power,  estimates  of  the  system  loss,  L  ,  basic  propagation  loss  L  .  , 

8  pb 

transmission  loss  may  be  derived  from  the  following  equations, 


or  basic 


L  =  139.37  +  L  +  L,  -G  +  G  -  G  Jr  , )  +  20  log  f  -  E  .  db 
a  et  fr  p  t  pt'  1'  6  lkw 

L  .  =  139.37  -  L  +  G.  -  G  Jr,)  +  20  logf  -  E  ,  db 

pb  rt  t  pt  1  6  tkw 

L,  =  139.37  f  L  +  G  -  G  ,(r  )  +  20  log f  -  E  .  db 
D  rr  t  pt'  1  6  lkw 


(U.  23) 
(U.  24) 
(II.  25) 


provided  that  estimates  are  available  for  all  of  the  terms  in  these  equations. 
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For  an  antenna  whose  radiation  resistance  is  unaffected  by  the  proximity  of  ifs  en¬ 
vironment,  L  -  L  *  0  db,  L,  =■  L  .  and  L,  =  L  .In  other  cases,  especially  impor- 
rt  rr  ft  et  fr  er 

tant  for  frequencies  less  than  30  MH r,  with  antenna  heights  commonly  used,  it  is  often  as¬ 
sumed  that  L  =  L  =  3.01  db,  L.  =  L  +3.01  db,  and  L,  =  I.  +  3.01  db,  corresponding 
r  t  rr  ft  et  fr  er 

to  the  assumption  of  short  vertical  electric  dipoles  above  a  perfectly-conducting  infinite  plane. 

At  low  and  very  low  frequencies,  L  ,  L  .  .  and  may  be  very  large  Propagation 

curves  at  HF  and  lower  frequencies  may  be  given  in  terms  of  L  or  L  .  so  that  it  is  not 

p  pb 


necessary  to  specify  and  JL^ 


Naturally,  it  Is  bettor  to  measure  directly  than  to  calculate  it  using  (II,  23).  It 

may  be  seen  that  the  careful  definition  of  L  ,  L  ,  L,  or  L  is  simpler  and  more  direct 

a  p  o 

than  the  definition  of  L^,  L^,  A,  or  E.  . 

The  equivalent  froe-space  field  strength  E^  in  dbu  for  one  kilowatt  of  effective 

radiated  power  is  obtained  by  substituting  =  W  =  Effective  Radiated  Power  =  30  dbw , 

G  (?,)  =  G  =  2.  1 5 db,  L  =L,  =0  db,  and  L  .  =  Lw  in  (11.18)  -  (II.  20),  where  Is  given  by  (2.  16): 
pt  1  t  1 1  It  pD  01  Dl 


Eo  =  106.92  -  20  log  d  dbu/kw 


(II  26) 


where  r  in  (2.  16)  has  been  replaced  by  d  in  (II.  26).  Thus  e^  Is  222  millivolts 

per  meter  at  one  kilometer  or  138  millivolts  per  meter  at  one  mile.  In  free  space,  the 
"equivalent  inverse  distance  field  strength",  E^.  is  the  same  as  E^.  If  the  antenna  radia¬ 
tion  resistances  r^  and  r^  are  equal  to  the  free  apace  radiation  resistances  and 

rfr>  then  (II.  25)  provides  the  following  relationship  between  Ejkw  and  u/ith 

V;»>-°t: 


E,kw=  139.37  +  20  logf-1^ 


dbu/kw 


(II.  27) 


Consider  a  short  vertical  electric  dipole  above  a  perfectly-conducting  infinite  plane,  with  an 

effective  radiated  power  -  30  dbw,  B  1,76  db,  and  ^  B  3,01'db.  From  (II.  18)  Vv  ^  -  30. 39 

dbwi  since  G  (r  )  B  1.  76  db.  Then  from  (LI.  26)  the  equivalent  inverse  distance  field  is 
pt  1 


E  =  E  +  L  +  L  =  109.54  -  20  log d 
I  o  rt  rr 


dbu/kw 


(II.  28) 


corresponding  to  e^  =  300  mv/m  at  one  kilometer,  or  e^  =  186.4  mv/m  at  one  mile.  In 
this  situation,  the  relationship  between  E  ^  and  is  given  by  (II.  25)  as 


Ejkw  =  142.  38  +  20  logf  -  1^ 


dbu/kw 


(II.  29) 
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The  foregoing  suggests  the  following  general  expressions  for  the  equivalent  free  apace  field 
atrength  Eq  and  the  equivalent  inverae  distance  field  E^: 

Eo  =  ^t  "  Lrt  +  Gt>  "  20  l°sd  +  74-77  dbu  (IX.  30) 

E  =  E  +  L  +  L  dbu  (IX.  31) 

I  o  rt  rr  ' 

Note  that  in  (IX.  30)  ia  not  eero  unleaa  the  radiation  reaiatance  of  the  tranamlttlnR 

antenna  in  lta  actual  environment  ia  equal  to  its  free  space  radiation  resistance.  The  defi¬ 
nition  of  "attenuation  relative  to  free  space"  given  by  (2.  20)  as  the  baaic  transmission 
loss  relative  to  that  in  free  space,  may  be  restated  as 

A  =  S,  *  Hf  =  L  ‘  Lf  =  Ei  _  E  db  (U.  32) 

Alternatively,  attenuation  relative  to  free  space,  Af,  might  have  been  defined  (as  it  some¬ 
times  Is)  as  basic  propagation  loss  relative  to  that  in  free  space: 

A  =  L  .  -  L.  ,  =  A  -  L  -  L  =  E  -  E  db  (U.  33) 

t  pb  fcf  rt  rr  o 

For  frequencies  and  antenna  heights  where  these  definitions  differ  by  as  much  as  6 
db,  caution  should  be  used  in  reporting  data  For  most  paths  using  frequencies  above 
50  MHz,  Lrt  +  L  is  negligible,  but  caution  should  again  be  u6ed  if  the  loss  in  path 
antenna  gain  is  not  negligible.  It  is  then  important  not  to  confuse  the  "equivalent" 

free  space  loss  given  by  (2.  19)  wLth  the  loss  In  free  space  given  by  (2.  18). 
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IX.  3  MULTIPATH  CC'PLING  LOfS 

Ordinarily,  to  minimize  the  transmission  Jos-  e'wrc.  o  antennas,  they  are  oriented 
to  take  advantage  of  maximum  directive  gains  (dircc  "i  :n  ■  irizations  are  matched. 

This  maximizes  the  path  antenna  gain.  With  a  sing  •  .-'.I  ••  e  incident  upon  a  re¬ 
ceiving  antenna,  there  will  be  a  reduction  in  the  power  'i  m  antenna  beam  is  not 

oriented  for  maximum  free  space  gain.  If  the  polar  inatior.  c< .tiring  antenna  is  matched 

to  ths.;  of  the  incident  wave,  this  loss  in  path  antenna  gain  is  di. t  o  "orientation  coupling  loss", 
and  if  ther.;  is  c  polarization  mismatch,  there  will  be  an  additional  "polarization  coupling  loss". 
In  general,  mur  ?  that  one  plane  wave  will  be  incident  upon  a  receiving  antenna  from  a  single 
sen'  r.  e  b»  :aud»  oi  ref  let  iron,  diffraction,  or  scattering  by  terrain  or  atmospheric  innomoge- 
.eiiies  Mis,  itch  between  tne  relative  phases  of  these  waves  and  the  relative  phases  of  the 
.  living  a:  if  rv.a  response  jr.  different  directions  will  contribute  'o  a  "multipath  coupling  loss" 
w'.ich  ••oil  ,r  ;luae  O'  entaiion,  p  jij.rization,  ar.d  phase  mismatch  effects.  U  multipath  propa- 
g  'n  involves  roi:  miform  waves  whose  amp  itu  s,  polarizations,  and  phases  can  only  be 
described  statistic  illy,  he  : or reeponding  Idls  in  path  antenna  gain  will  include  "antenna-to- 
medium  coupling  loss",  a  statis'  cal  a-erage  af  phase  incoherence  effects 

This  part  of  the  annex  irdlcatcs  how  mu.tip&th  coupling  loss  may  be  calculated  when  in¬ 
cident  waves  are  plane  anc  uniform  with  known  phases,  and  •■••her.  the  directivity,  polarization, 
and  phase  response  of  the  receiving  antenna  .e  known  for  every  direction.  It  is  assumed  that 
the  radiation  resistance  of  the  receiving  ant  na  io  unaffected  by  its  environment,  and  that  the 
electric  and  magnetic  field  vectors  of  every  incident  v<ave  art  perpendicular  to  each  other  and 
perpendicular  to  the  direction  of  propagatl  i. 

II.  3.  1  Kcpresen  lion  of  Complex  Vector  leltU 

Studying  the  response  o  a  rec  ving  antenna  to  coherently  phajen  plane  waves  with 
u.voral  different  directions  of  arrival,  it  is  convenient  to  »oc£*«  t  it-  i  eceiv.ng  antenna  at  the 
center  of  a  coordinate  system.  A  sdio  ray  traveling  a  distance  r  fr  ni  a  transmitter  to  the 
receiver  may  be  refracted  or  -ef1  acted  so  that  as  initial  and  final  du  -ctio  is  a  e  different. 

If  -P  is  the  direction  cf  propagation  at  the  receiver,  r  -  f  r  is  the  vo  to.  du  .’he.  iro.n  the 

receiver  'o  the  tzani.mitter  if  the  ray  path  is  a  straight  line,  but  not  otln  r  vis-  . 

A  paper  by  Kt.lae  [  W51]  shows  how  the  amplitude,  pliase,  and  poll  r.z.ilior.  oi  a  u  ufor  a, 

monochromatic,  elliptical'  polarized  and  locally  plane  wave  may  be  expre  sc  i  war.  the  air 

of  complex  vectors.  For  inf  tance,  such  a  wave  may  be  expiessec  as  i'u:  real  pi  rl  of  t*-  .  sum 

o.  two  linearly  polarized  complex  plane  waves  \~I  e  exp(i  t)  ana  i\'I  t  exp  1  v,.  i  lie.-e 

componeat  s  are  ii  time  piiasc  quadrature  and  travel  m  thi  same  dim  nor  •  who  re  i  s-  •.  -  ! 

ami  e  and  i  a;t  rerl  vectors  perpendicular  to  f.  1  he  vector  e  +  :e  is  iron  a  Coir.  pie-, 

r  i  r  3  ; 

vector.  Field  strengt'  s  are  denoted  in  volts /km  {10  rmc  revolt;  per  meter/  and  lielo  ml.  ■  .. 
eitic  »  it  watts /I :m2  (IO"*2  milliwatts  p.c  square  meter),  shill  ,ii  ler.gs  a.  are  i'i  ka -tan  to rs . 


The  tune-varying  phase 


t  =  k(ct  -  rl  (11.  3<) 

is  a  function  of  the  free- space  wavelength  the  p.opagation  constant  lc  -  2t t / X.,  the  free- 
space  velocity  of  radio  waves  c  —  299792.5  ±0.3  km/sec,  the  time  t  at  the  radio  source, 
and  the  length  of  a  radio  ray  between  the  receiver  and  the  scarce. 

Figure  II- 1  illustrates  three  sets  of  coordinates  which  are  useful  in  studying  the  phase 
and  polarization  characteristics  associated  with  the  radiation  pattern  or  response  pattern  oi 
an  antenna.  Let  T  -  P  r  represent  the  vector  dis  ance  between  the  antenna  and  a  distant  point, 
specified  either  in  terms  of  a  right-har.ded  cartesian  unit  vector  coordinate  system  8o,  $j, 
or  in  terms  of  polar  coordinates  r,  S, 

r  sfr  :  *ox0  +  +  =  x0  +  X1  +  X2  •  35*) 


r  r  cos  0, 


r  sin  0  c  os  <J>, 


r  sin  0  Bincp 


(II.  3  5b) 


f  =  f  (0,  $)  =  Jt^cos  e  +  <5  cos  4>  +  simp)  sin  8.  (11.  35c) 

As  a  general  rule,  either  of  t.'o  antennas  separated  by  a  distance  r  is  in  the  far  field  or 

> 

raditlion  field  of  the  other  antenna  if  r  >  2D~/\,  where  D  is  the  largest  linear  dimension 
of  either  antenna. 

The  amolitude  and  polarization  of  electric  field  vectors  and  e^i  perpendicular 

to  each  other  and  to  t,  is  often  calculated  jr  measured  to  correspond  to  the  right-handed 

cartesian  unit  vector  coordinate  system  f,  f^,  e^  illustrated  in  figure  II- 1.  The  unit  vector 

e  it;  perpendicular  to  f  and  ft  ,  and  e„  is  perpendicular  to  e  and  P.  In  terms  of  vector 
$  o  0  v 

cross-products: 

?  =(fxS)/sirO;St.sinp-8cosO  (II  36a) 

*o  *  o 


e  -  £  x  f  =  (V  -fcos0)/sinO,  (U.36b) 

.  0  d  o 

The  directive  gain  g,  a  scalar,  :nr.y  be  expressed  as  the  sum  of  directive  gains  and 

associated  with  polarization  components  eg-L,Qeg  and  e ^  “  e 0 <*,’  wh«r 3  the  coeffi¬ 
cients  e  and  c  are  exprea.cci  in  volts /km: 

6  4> 

«  =  +  (IL37) 


Subscripts  i  and  r  are  used  to  refer  to  the  gams  g  and  g  of  transmitting  and  receiving 

1  r  2 

antennas-  while  g  is  the  ratio  of  the  available  mean  power  flux  density  and  e  /tiq.  where 
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e^  as  defined  by  (U.  38)  is  the  free  space  field  strength  at  a  distance  r  in  kilometers  from 
aa  isotropic  antenna  radiating  w  watts  : 

e  =  [n  w  /(4rr2)]/i  volts/km.  (II.  38) 

o  *■  o  t  * 

Here,  n  =  4nc  .  10  7  =  376.  7304  ±  O.C004  ohms  is  the  characteristic  impedance  of  free 
o 

space.  The  maximum  amplitudes  of  the  8  and  6  components  of  a  radiated  or  incident  field 

are  |  "e *1  fT  and  I  e.  |  ^/T,  where 
0  9 

!*•»!  =  e0  =  e0ge'  volts/km'  1  =  %  =  '0g't  volt8/kn''  <u-3’> 

if  phases  t  and  r  are  associated  with  the  electric  field  components  e„  and  e  .  which 
0  4>  09 

are  in  phase  quadrature  in  space  but  not  necessarily  in  time,  the  total  complex  wave  at  ar.y 
point  r  is 

ft  (7f  *  U.JexpU  t)  =  fT  [T0exp(i  tq)  +  T^expU  t  )  ]  exp(ii).  (17.40) 

From  this  expression  and  a  knowledge  of  T_  .  t  ,  we  may  determine  the  real  and  imaginary 

B,4>,  tJ,4> 

components  e^  and  e^,  which  are  in  phase  quadrature  in  time  but  not  necessarily  in  space: 

®r  *  *r*r  **eCOI,TQ  *  %CO,T*  ’  (II.41a) 

^  5  Vi s  S8inTe  +  vinv  (ii.  4 1  b) 

The  next  section  of  this  annex  introduces  components  of  this  wave  which  are  in  phase  quadrature 
in  both  time  and  space. 
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II.  3.  2  Principal  and  Crose-Polarlsation  Component* 

Principal  and  cross-polarisation  component*  of  an  incident  complex  wave 
VT  (T  ♦  iTj)exp(iT)  miy  be  defined  in  terms  of  a  time- independent  phase  which  is  a 
function  of  r  [Kales,  1951],  If  w*  write 

7  +  i7.  «  (Tj  *  iT2)exp(ir.)  (11.42) 

and  solve  for  the  real  and  imaginary  components  of  the  complex  vector  e^  4  1*2*  we  ^  that 

e .  s  e .  e .  «=  e  cos  t.  ♦  e.  sin  t.  (II.  43a) 

1  11  r  ll  i 

?2  s  ^2*2  ^  °i  008  Ti  *  er  *^n  ?i‘  (U.  43b) 


Whichever  of  these  vectoi  s  has  the  greater  magnitude  is  the  principal  polarisation  component 
c^,  and  the  other  is  the  orthogonal  cross-polarisation  component  e^: 

2  2  2  2.2,—  —..,. 

e  j  =  coi  t.  ♦  et  sin  ^  +  ®r  *  •in(2TJ,)  (U.44a) 

e  2  ®  e  2  sin2  T.  ♦  e  2  co»2  t  -  7  •7  sin(2rl),  (U.44b) 

2  r  i  i  i  r  i  i 

The  phase  angle  is  determined  from  the  condition  that  Cj  •  e^  <■  0: 

tan(2T.)  *  l7f  •7./(e2  -  e2).  (11.45) 

Any  incident  plane  wave,  traveling  in  a  direction  -P  is  then  represented  ae  the  real 
part  of  t lie  complex  wave  given  by 

V7  e  exp  ( i  (r  +  t  ^ )  ]  ■  s/T  (  e^  +  iTj  exp  [l(T  ♦  T^J ,  (XI.  46) 

The  principal  and  cross-polarisation  directions  5  and  £  are  chosen  so  that  their  vector 

P  C 

product  in  a  unit  vector  in  the  direction  of  propagation: 

£  *  £  =  -P.  (II. 47) 

pc 
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A  bar  it  used  undar  the  symbol  for  the  complex  vector  e  a  e^  +  l«c  in  (11.  46)  to  distinguish 

it  from  real  vector*  such  a ■  T_,  7,.  7  ,  T,  T  ,  and  T  .  The  absolute  value*  of  the  vector 

u  y  k*  i  p  c 

coefficients  e  and  e  may  be  found  ueing  (II.  44) . 

P  c 

A*  the  time  t  at  the  transmitter  or  the  time  t  at  the  receiver  increase*,  the  real 
vector  component  of  (11.46) ,  or  "polarization  vector"  , 


*i/T  [7  COS  (T  +  T.) 


e  sin (t  + 

c 


describes  an  ellipse  in  the  plane  of  the  orthogonal  unit  vectors  €  =  e  /e?  and  8^  = 

Looking  in  the  direction  of  propagation  -r(0,4>)  with  e^  and  e^  both  positive  or  both  negative, 
we  see  a  clockwise  rotation  of  the  polarization  vector  as  t  increases. 


Right-handed  polarization  ie  defined  by  the  IRE  or  IEEE  and  in  CC1R  Report  321  [  1963m]  to 
correspond  to  a  clockwise  rotation  of  a  polarization  ellipse,  looking  in  the  direction  of  prop¬ 
agation  with  r  fixed  and  t  or  t  increasing.  This  is  opposite  to  the  definition  uBed  in  classical 
physics. 


The  "axial  ratio"  e^/e^  of  the  polarization  ellipse  of  an  incident  plane  wave. 
sfT £  exp  [  i  ( r  +  t^)]  i*  denoted  here  as 


axeVep  (IX.  48) 

and  may  be  either  positive  or  negative  depending  on  whether  the  polarization  of  the  incident 
wave  ie  right-handed  or  left-handed.  The  range  of  posslblo  values  for  a  is  - 1  to  +1. 
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n.  3,  3  Unit  Complex  Polarization  Vector* 

If  the  receiving  antenna  were  a  point  source  of  radio  waves,  it  would  produce  a  plane 
wave  >/T  e^expfilT  +  tf)]  at  a  point  r  in  free  space.  The  receiving  pattern  of  such  an 
antenna  as  it  responds  to  an  incident  plane  wave  s/T  eexp[i(T  4  t  )]  traveling  in  the  opposite 
direction  -f  is  proportional  to  the  complex  conjugate  of  e^  exp  (i  t^)  [S.  A.  Schelkunoff  and 
H.  T.  Friis,  1952]: 


[  e  exp(i  t  )]*■(•  -ie  )  exp(-i  T  ), 
i_r  r  t'i  p  r  cr  r 


(U.  49) 


The  axial  ratio  e  /e  of  the  type  of  wave  that  would  be  radiated  by  a  receiving  antenna 
cr  pr 

is  defined  for  propagation  in  the  direction  9.  An  incident  plane  wave,  however,  is  propagating 
in  the  direction  -9,  and  by  definition  the  sense  of  polarization  of  an  antenna  used  for  reception 
is  opposite  to  the  sense  of  polarization  when  the  antenna  is  used  as  a  radiator.  The  polarization 
associated  with  a  receiving  pattern  is  right-handed  or  left-handed  depending  on  whether  a^ 
is  positive  or  negative,  where 


a  «  -e  /e  , 

xr  cr  pr 


e  =  -e  a  , 
cr  pr  xr 


(II.  50) 


The  amplitudes  lCprl  and  |e^  |  of  the  principal  and  cross-polarization  field  components 
e  and  e^  are  proportional  to  the  square  roots  of  principal  and  cross-polarization  directive 
gains  g^  and  g  respectively,  H  is  convenient  to  define  a  unit  complex  polarization 
vector  |r  which  contains  all  the  Information  about  the  polarization  response  associated  with 
a  receiving  pattern: 


6  *  (£  4  i£  a  )(1  4  a2  )*" 

*r  pr  cr  xr  xr 


(U.  51) 


a  =  g  /g 
xr  “cr  pr  • 


(II.  52) 


The  directions  e  and  £  are  chosen  so  that 
pr  cr 


£  x  £ 
pr  cr 


(U.  53) 


In  a  similar  fashion,  the  axial  ratio  defined  by  (XI,  48)  and  the  orientations  and  e 
of  the  principal  and  cros s- polarization  axes  of  the  polarization  ellipse  completely  describe 
the  state  of  polarization  of  an  incident  wavs  VT7exp[i(T  4  r  )],  and  its  direction  of  propa¬ 
gation  -f  »  e^  x  The  unit  complex  polarization  vector  for  the  incident  wave  is 
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(II.  54) 


£  B  £/l  £  !  *  *x)(l  +  ax*  ^  ‘ 


The  magnitude  of  a  complex  vector  _e  *  e  +  ie^  is  the  square  root  of  the  product  of  < 


its  complex  conjugate  -  ie^: 


|7|  =  (e  •  e  *)//*  -  +  e(f)/^  volts /km. 


and 


(U.  55) 
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H.  3.  4  Power  Flux  Densities 


The  coefficients  e  and  e  of  the  unit  vectors  6 
P  c 

values  of  field  strength,  exp -eased  in  volts/km,  and  the 
s^  associated  with  these  components  are 


«ad  e  are  chosen  to  be  r.m.  s. 
p  c 

mean  power  flux  densities  a  and 

P 


2  2 
s  =  e  /n  watts /km  , 
P  P  o 


s 

c 


e„2/n 


watts /km 


2 


<U.  56) 


The  corresponding  principal  and  cross-polarization  directive  gains  g  and  g  are 


g„  1  4irr  s  /w, . 
P  pi 


8C  =  4wr 


sc/wt 


(II.  57) 


where  w^  is  the  total  power  radiated  from  the  transmitting  antenna.  This  is  the  same  rela¬ 
tion  as  that  expressed  by  (13.39)  between  the  gains  g  ,  g  ,  and  the  orthogonal  polarization 

—  _  8  ♦ 
components  e  and  e  . 

Q  <J> 

The  total  mean  power  flux  density  s  at  any  point  where  e  is  known  to  be  in  the  radi¬ 
ation  field  of  the  transmitting  antenna  and  any  reradiating  sources  is 


s  =  I  «  I  2/n0  =  8«  2 /n0  =  8p  *  9C  =  +  ®c2)/ti0 

=  (e  2  +  e  2)/n  =  (e  2  +  e  2)/ti  watts/km2  (U.  5&a> 

r  i  o  090 

8  =  gp  +  gc  «  8e  ♦  =  4nr2  8/pt  =  s  no/e  2  (II.  58t) 


where  e^  is  given  by  (U.  38) .  The  power  flux  density  s  is  proportional  to  the  transmitting 

antenna  gain  g  ,  but  in  general  g  is  not  equal  to  g  as  there  may  be  a  fraction  a  of 
t  1  P 

energy  absorbed  along  a  ray  path  or  scattered  out  of  the  path.  We  therefore  write 


8 


V1  +  a*> =  VPtu  +  a*’> "  aPgf 


(II.  59) 


The  path  absorption  factor  a^  can  also  be  useful  in  approximating  propagation  mechanisms 

which  are  more  readily  described  as  a  sum  of  modes  than  by  using  geometric  optics.  For 

instance,  in  the  case  of  tropospheric  ducting  a  single  dominant  TEM  mode  may  correspond 

theoretically  to  an  infinite  number  of  ray  paths,  and  yet  be  satisfactorily  approximated  by 

a  single  great-circle  ray  path  if  a  is  appropriately  defined.  In  such  a  case,  a  will 

P  P 

occasionally  be  greater  than  unity  rather  than  less. 
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Y  =  T  +  T  (II.  64) 

i  t  p 

where  is  a  (unction  oi  the  ray  path  and  includes  allowances  for  path  lergth  differences  and 
diffraction  or  reflection  phase  shifts. 

Random  phase  changes  in  either  antenna,  absorption  and  reradiation  by  the  environ¬ 
ment,  or  random  fluctuations  of  refractive  index  in  the  atmosphere  will  all  tend  to  fill  in  any 
sharp  nulls  in  a  theoretical  free-space  radiation  pattern  e  or  Also,  it  is  not  possible 
to  have  a  complex  vector  pattern  <s/v  which  is  independent  of  r  in  the  vicinity  of  antenna  nulls 
unless  the  radiation  field,  proportional  to  1/r,  dominates  over  the  induction  field,  which 
is  approximately  proportional  to  1/r^. 
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XI.  3.  6  Multipath  Coupling  Loss 

Coherently  phased  multipath  components  from  a  single  source  may  arrive  at  a  receiving 

antenna  from  directions  sufficiently  different  so  that  and  vary  significantly.  It  is 

then  important  to  be  able  to  add  complex  signal  voltages  at  the  antenna  terminals.  Let  n  =  1, 

2, - ,  N  and  assume  N  discrete  plane  waves  incident  on  an  antenna  from  a  single  source. 

The  following  expressions  represent  the  complex  open-circuit  r.m.s.  signal  voltage  v^ 

corresponding  to  a  radio  frequency  v  cycles  per  second,  a  single  incident  plane  wave 

i/7enexp(i(T  ♦  Tjn)]*  a  loss-free  receiving  antenna  with  a  directivity  gain  g 

and  an  effective  absorbing  area  a  ,  matched  antenna  and  load  impedances,  and  an  input 

©n 

resistance  r  which  ia  the  same  for  the  antenna  and  its  load: 


v 

n 


s  (4  r  s  a 

w  n  en 


)/4(V£rn)eXpti(T  * 


T 

pn 


♦  T. 


tn 


T  )]  VOltS 

rn 4 


(II.  65) 


e 

n 


|7|V 


w  a  a 
r  pn*tn 


/(4"rn) 


watts /km 


2 


(II.  66) 


a 

en 


=  grnX.2/(4ir)  km2 


(H.  67) 


6  -  6  =  l(l+a“)(l  +  a<i  )]  ^  [(1  +  a  a  )cos  +  +i(a  +  a  )sin+  1.(11.68) 

■*-n  *rn  1  xn  xrn  J  1  xn  xrn  pn  xn  xrn  pnJ  ' 


If  the  polarization  of  the  receiving  antenna  is  matched  to  that  of  the  incident  plane  wave,  then 

=  1 ,  and 


a  s  a 
xn  xrn 


+  =  0,  6  .  £ 
pn  -*-n  r 


v 

n 


[  4  r  w  a  g  g  \2/(4irr)2l/*  exp  f  i  (  t  +  t  +  t  -t  )] 
1  v  r  pn'tn  rn  n  J  ri  pn  tn  rn  1 


volts. 


(11.69) 


If  the  coefficient  of  the  phaeor  in  (11.69)  has  the  same  value  for  two  incident  plane  waves,  but 
the  values  of  t  -  t  differ  by  ir  radians,  the  sum  of  the  corresponding  complex  voltages 
is  zero.  This  shows  that  the  multipath  coupling  efficiency  can  theoretically  be  zero  even 
when  the  beam  orientation  and  polarization  coupling  are  maximized.  Adjacent  lobe*  in  a 
receiving  antenna  directivity  pattern,  for  instance,  may  be  180'  out  of  phase  and  thus  cancel 
two  discrete  in-phase  plane-wave  components. 

Equation  (II.  3)  shows  the  relation  between  the  total  open-circuit  r.  m.  s.  voltage 


v  = 
v 


N 

V  v 
.  L 

n:| 
m  e  1 


V*  I 
n  rn  J 


volts 


(II.  70) 
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and  the  power  w&  available  at  the  terminals  of  a  loss -free  receiving  antenna: 

2 

wa  =  vJ7(4r^)  watts  .  (11.71) 

In  writing  w&  for  w  in  (11.71),  the  subscript  v  has  been  suppressed,  as  with  almost 

all  of  the  symbols  in  this  annex,  Studying  (II.  65)  -(11.6b),  (11.70),  and  (11,71),  it  is  seen 

> 

that  the  expression  for  w^  is  symmetrical  in  the  antenna  gains  g^,  g  ,  and  g  -  a“g  , 
gcr  =  axr6pr<  and  that  w^  is  a  linear  function  of  these  parameters,  though  iB  not. 

From  this  follows  a  theorem  of  reciprocity,  that  the  transmission  loss  L  =  -  10  log  (w  /w  ) 

el  t 

is  the  same  if  the  roles  of  the  transmitting  and  receiving  antennas  are  reversed. 

The  basic  transmission  loss  is  the  system  loss  that  would  be  expected  if  the 

actual  antennas  were  replaced  at  the  same  locations  by  hypothetical  antennas  which  arc: 

(a)  loss-free,  so  that  Lgt  =  Lgr  =  0  dh.  See  (2.3). 

(b)  isotropic,  so  that  g  =  gr  =  1  in  every  direction  important  to  propagation  between 
the  actual  antennas, 

(c)  free  of  polarization  coupling  loss,  so  that  |p*  p  |  2  =  1  for  every  locally  plane 
wave  incident  at  the  receiving  antenna, 

(d)  isotropic  m  their  phase  response,  so  that  t  =  =  0  in  every  direction. 

The  available  power  w  .  corresponding  to  propagation  betweem  hypothetical  isotropic 
antennas  is  then 


w  k.2  (a  a  )^  cos(t  -  t  ) 

w  =  -i _  V  _ PJL.JET _ Ln.  g™. 

ab  .  -  ,2  L  r  r 


(11.72) 


(4") 


n  »  1 
m  =  1 


n  m 


The  basic  transmission  loss  corresponding  to  these  assumptions  is 


L  =  -10  log'w  ,  / w  )  =  \V  -  W  u  db 
b  8  ab  t  t  ab 


(II.  ~i. 


The  basic  transrnis sion  loa 8  in  free  space,  L  ,  corresponds  to  N  =  1 , 

bl 

rl  =  r: 


a  ,  =  l. 

P* 


T  =  0, 
i-l 


'bf 


-10  log  [  \ /  ( lit r )  j  =  32.4r'  +  201ogf-t20!og  r  rib 


(I!.  74) 


where  f  is  in  megacycles  per  second  and  i  is  in 
As  n.ay  be  seen  from  the  above  relations, 

s  per  unit  radiated  power  %v  contributes  to  the 

"  1  2 
waves.  While  s  is  expressed  in  watts/km  ,  s 


kilumcteis.  Compare  wjl.li  (2. 

only  a  fraction  »  of  the  total 
e 

available  received  power  w  lr 

•> 

expressed  m  .vatts /krr1*  for 


» •>)  . 

I  l  1  I  X  (  I  t  •  I  i  •  v  I  I  V 

uni  N  jil.iri'1 
'•ac  h  watl 
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oi  the  power  w^  radiated  by  a  single  trurce; 

•  =  4irwa/(X  wt ) 

For  each  plane  wave  from  a  given  aource,  e  exp(iT,  )  or  6  exp(-iT  1  may  sometimes 

— n  in  •crn  r  rn  ’ 

be  regarded  as  a  statistical  variable  chosen  at  random  from  a  uniform  distribution,  with  all 

phases  from  -tr  to  it  equally  likely.  Then  real  power  proportional  to  I  e  •  T*  1^  may  be 

- n  -rn 

added  at  the  antenna  terminals,  rather  than  the  complex  voltages  defined  by  (LI.  65) -(II.  68>. 

For  this  case,  the  statistical  "expected  value"  <s  >  of  s  Is 

e  e 

N 

<8e>=X  apngtn8r»|£n-£rni2/(4,,rn)-  <«•  76> 

n  =  1 

In  terms  of  s  ,  the  transmission  loss  L  is 
e 

L  *  ?1.4t  t  20  log  f  -  1C  log  s^  db-  (II.  77) 

Substituting  <6  >  for  s  in  (11.77),  we  would  not  in  general  obtain  the  statistical  expected 
e  e 

value  <L>  of  L,  since  <L>  is  an  ensemble  average  of  logarithms,  which  may  be  quite 
different  from  the  logarithm  of  the  corresponding  ensemble  average  <s  >.  For  this  reason, 
median  values  are  often  a  more  practical  measure  of  central  tendency  than  "expected" 
values.  With  w^  and  X  fixed,  median  values  of  s^  and  L  always  obey  the  relation 
(II.  77>  while  average  values  of  s^  and  L  often  do  not. 

The  remainder  of  this  annex  Is  concerned  with  a  few  artificial  problems  designed 
to  show  how  these  formulas  are  used  and  to  demonstrate  some  of  the  properties  of  radiation 
and  response  patterns.  In  general,  information  is  needed  about  antenna  patterns  only  in  the 
few  directions  which  are  important  in  determining  the  amplitude  and  fading  of  a  tropospheric 
signal.  Although  section  II.  3.  7  shows  how  a  complex  vector  radiation  or  reception  pattern  may 
be  derived  from  an  integral  over  all  directions,  it  is  proposed  that  the  power  radiation 
efficiencies  and  the  gains  g^(f)  or  g^('f)  for  actual  antennas  should  be  determined  by  meas¬ 
urements  in  a  few  critical  directions  using  standard  methods  and  a  minimum  of  calculations. 

j 


(II.  7b) 
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11.  i.  7  Idealized  Theoretical  Antenna  Pattern-. 

Consider  a  point  source  of  plane  waves,  represented  by  complex  dipole  moments 
in  three  mutually  perpendicular  directions,  R^,  Aj,  and  These  three  unit  vec'ors, 

illusti  ate  i  in  figure  II.  1,  define  a  right-handed  eyatem,  and  it  .a  assumed  that  the  uc  re¬ 
sponding  elementary  dipoles  support  r.m.s  currents  of  1^,  1^,  and  1^  amperes,  respectively. 
The  corresponding  peak  scalar  current  dipole  moments  are  s/T  1^/  ampere-kilometers, 

whera  m  =  0,  1,  2,  and  the  cum  of  the  complex  vector  dipole  moments  it  VT  I  IcxpliT  ) 

mm  m 

may  be  expressed  as  follows: 


a  =a2  +ia2 


(II.  78a) 


*, ,  =  %/T  Cj  +  ^2c7),  a2  =  VT  ii(A0  B0  +  R(  sJ  +  kz  s2)  (II.  76b) 


='  ■  'o  *  ‘,2  *  7 


C  -II  /l)  cos  T  , 
ro  1  m  n. 


s  =  (1  /II  sin  t  ,  m  =  0,  1,  2.  {11.79) 

m  m  m 


Hi-r.i,  t  ,  t.,  and  t_  r  jpresent  initial  phases  of  the  currents  supported  by  the  elementary 
dipolet-.  The  time  phase  factor  is  assumed  to  he  explihet). 

Using  the  same  unit  vector  coordinate  system  to  lepresent  the  vector  distance  r  from 
this  idealized  point  source  to  a  distant  point: 


r  =  $  X,.  +  £,  x,  +  £,  X  =  f  r 
a  0  11  l  c 


(II.  80) 


where  xQ,  x^,  and  x2  are  given  by  (U.  3 5> t>)  as  functions  of  r,  B,  6.  The  complex  wave  at 
7  due  t-.  ar.e  cf  the  elementary  dipolee  is  polarized  In  a  direction 


rx(5  x  ?|  =  S  -fx  /r 

n.  in  m 


(11.81) 


.I.  uh  it  perpendicular  to  the  propagu-.on  direction  f  and  in  the  plane  cf  R  and  f,  The 

nr. 

ui  ccu.iplex  wa  Jt.  at  r  may  be  represented  in  the  form  given  bv  {II.  41): 

\J~7  e(r)exp(it)  =  \T  (e^  +  i  e^)  exp  (i  t)  -  v"T  (e  +  i  e^)  exp  ( l  (t  +  T^)] 


-  [  P  x  (a  x  ?)  J  [  r, o / ( 2 .V  r)j  exp  (i  t) 


T  =  k  (ci  -  r)  +  u/4 


7  e  ■  f  -  f  {.l  •  f'l  -|  /(2k  r)  vVtb/en 

r  1  i  '  o 


(11.82) 


(11.83) 


(U  9‘iai 
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(II.  84b) 


\fT  e.  =■  [  a,  -  f  (»,  •  f)1  n  /(iKr)  volts /km. 

l  v  L  L  1  O 


The  total  mean  power  flux  density  s(r)  at  r  is  given  by  (U.  Jfa): 


i(7)  =  (e2  +  \)/\  =  [« 2  -  (7,  •  f)2  +  a2  -  (T,-  f)2]/n0 


4xV 


l1  '  ‘'-Q  0  *1l*l*12  x2'/<lr)2  *  2<C01X0X1  +C02X0X2  +  c12XlX2)/r^ 


(II.  85) 


c 

mo 


=  (I  I  /I  )  coa  (t  - 
m  n  m 


Tn)  * 


(II.  bb) 


The  total  radiated  power  w(  is  obtained  by  integrating  a(r)  over  the  surface  of  a  sphere 
ol  radius  r,  using  the  spherical  coordinates  r,  9,  <j>  illustrated  in  figure  II.  1  : 


,  2ir 


2»  n0»i) 


,  —  C  d$  ^  d9  r2  s(r)  ain0  =  - *■ 

‘  ‘•'o  "o  3  X 


watts 


(U.  87) 


From  (II.  8  7)  it  is  seen  that  the  peak  scaiar  dipole  moment  •J’lll  used  to  define  at  and 
7^  in  (U.  7®  may  be  expressed  in  term!  of  the  total  radiated  power  : 

sTTli  =  XV  3wt/(irr|0)  ampere -kilometers  .  (II.  88) 


The  directive  gain  g(r)  is 


-  2  —  , 
g(r)  =  4w  r  S(r)/w 


t  5  I  1  -  (t)  co#2  6  *  (-f) 


Z  2 
sin  9  cos  <j> 


th 

-  \ 


[2  . 

yJ  sin2  9  sin2*  -  ^c^  ^  cos  $  +  sin  4>  J  sin(20)  -  c  ^  sin2  0  sin(24>) 


(U.  89) 


This  is  the  most  general  expression  possible  for  the  directive  gain  of  any  combination  of 
elementary  electric  dipoles  centered  at  a  point.  Studying  (II.  89),  it  may  be  shown  that  no 
combination  of  values  for  IQ,  1^,  I2>  r^,  r^,  will  provide  an  isotropic  radiator.  As 
defined  in  this  annex,  an  isotropic  antenna  radiates  or  receives  waves  of  any  phase  and 
polarization  equally  in  every  direction. 
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For  the  special  case  where  IQ  =  Ij  =  =  I/-/T,  T()  a  ir/2,  Tj  =  0,  and  =  it, 

(II.  89)  show  s  that 


g(r )  =  1  +  sis  8  sin  $  coa  41  , 


(U.  90) 


With  these  specifications,  (IL  ?d)  shows  that  cn  =0,  c  =  -c,  =  1/v/T,  e  =  I/'/T, 

012  0 

81  =  8  2  "  ®»  (U.  78)  with  (U.  88)  shows  that 


=  *X1  "  x2)b  * 


a2 


x  b 
o 


(11.91a  ) 


b  =  X 


(II.  91b) 


Substituting  next  in  (II.  89)  with  the  aid  of  (11.2): 

VTe^  =  eQ(x1  -  x  -  r  b^)  ,  -tT?  e  =  eQ(xo  -  r  cos  0)  (II.  9*) 

i,; 

e  -  1  n  w  /  (4ir  r  )  ]  ,  b  -  sin  0  (cm  $  -  sin  )  .  ()[.}) 

o  ;  o  t  c 

The  principal  and  croos -polarization  gains  determined  using  JII.57)  and  (11.58)  are 

gp(r)  =  1  +  sin2  8(»in<j>  cos  4  -  ‘A)  ,  gc(r)  =  A  sin2  0  .  (11.99) 

Thu  subscripts  p  and  c  in  {IL9<i)  should  Ik-  reversed  whenever  g(0,  <J>)  is  less  than 
sin  0.  Minimum  and  maximum  values  of  g  are  1/2  and  3/2  while  gp  ranges  from 
1/3  to  1  and  from  0  to  1/2. 

The  importance  of  phases  to  muitipath  coupling  is  more  readily  demonstrated  using 
a  somewhat  more  complicated  antenna.  The  following  paragraphs  derive  an  expression  for 
a  wave  which  is  approximately  plane  at  a  distance  r  exceeding  200  wavelengths,  radiated 
by  an  antenna  composed  of  two  three-dimensional  complex  dipoles  located  at  -5  X  x^  and 
+  3  X  and  thus  spaced  10  wavelengths  apart.  When  the  radiation  pattern  has  been 
determined,  it  will  be  assumed  that  this  is  the  receiving  antenna.  Its  response  to  known 
plane  waves  from  two  given  directions  will  then  bo.  calculated. 

With  the  radiated  pov.er  w  divided  equally  between  two  three-dimensional  complex 
dipoles,  a  is  redefined  as 

a  -  (b /  nTT)  ,  i  *1  *  *2  +  ixQ'  (11.93) 
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Since  5  X  is  negligible  compared  to  r  except  In  phase  factors  critically  depending  on 


rj  -  r^,  the  exact  expressions 


7,  =  r  -  5\ x  ,  r,  =  r  +  5\  x 

l  o  c  o 


(11.96) 


lead  to  the  following  approximations  and  definitions: 


r  j  ■  r(l  -«  )  ,  =  r(  l  +*  )  »  <  =5(X/r)  cos  8 

r,  =  r{  1  +«  )  -  x  <  secO,  r,  =  r(l  -« )  +  x  <  secO 
1  o  c-  o 

r  =  xocos8  +  (XjC0S<^  +  x^8in<j>)*ln8  . 


(11.  9?) 
(U.  98) 
(11.99) 


I  fc 

For  distances  r  exceeding  200  wavelengths ,  |<  j  <  0,025  and  «  is  neglected  entirely, 

so  that 


r.r,=r-5\x  ,  r,r,  =  r  +  5Xx 

«  1  o  2  2  c 


(II.  100) 


At  a  point  r,  the  complex  wave  radiated  by  this  antenna  is  approximately  plane  and 
may  be  represented  as 


/_  _  \  _  '  -  -  1 
(  e^  +  i  exp(i  t)  =  v/T  I  _Cj  exp(i  r^)  +  exp(i  t^)  j 


where 


r  =  k(ct  -  r)  +  ir/4 


(LI.  101) 


(II.  102) 


T=T  +  T  ,  t  =t-Y  ,  t  =  10  ir  COS  0  , 
1  a  2  a  a 


(II.  KJ) 


As  in  (II.  r. 2)  ,  the  waves  raoiated  by  the  two  main  clement?  of  this  antenna  are  represented  in 
(II.  10!)  as  the  product  of  phasors  exp(iTj)  and  oxp(i-r^)  multiplied  by  the  comph-x  vectors 
%T2  Cj  and  s/~2  c ,  ,  respectively: 


=  ;  V  (ixOl  =  <^ilo*fi(io-  ii)\ 

u  J  L  J 

=  I  ?z*  ix  O'  V<^r>  M^/2)  jl0  *  r2(jo  . 


(II.  10, a) 


{11.  104b) 
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Evaluating  7,  •  i  y  7q.  ?2<  ^  and  Xa  with  the  aid  o£  (H.95).  OX.  98).  (H.  99)  and  (U.  104): 

7o  •  rx  =  b2(l+«)  +  ij^cos  0  -  t(sec0  •  co«  0) "J  (IX.  105a) 

7  •  =  b2(l-«  )  +  if  cos  0  ->  *(eec  0  -  cos  6)  j 


(11.105b) 


7j  =  (eo/2)  -  i2  -  ?b2(l  +  24)  +  xob2  <  »ec  0  1 

+  iTx^  1  ♦* )  -  r  cos  6  +  r  <  (sec  0  -  2  cos  0)1  j- 


(H.  10ba) 


±z  «  (eQ/2)  -  x2  -  ?b2(l-2<)  -  xobz  «  eec0 


fa 


+  i  |^xj(  1  -  <  )  -  r  cos  0  -  r  <  (see  0-2  cos 


•»]} 


III.  lObb) 


Since  the  eum  and  difference  of  exp(lT^)  and  exptiT^)  are  2  cos  exp(iT)  and 

21  sic  r  exp(iT),  respectively,  e  and  e  as  defined  by  (11.101)  are 
a  r  l 


rr  8  -  *2  -  r  b2  ^jeos  Ta  "  *  [K  +  *  ^,oc  0-2  COB  e)"l  ,ln  Ta  J 


r  n  e  x  -  r  cos  @1  cos  t  -  b? | 29  -  £  sec  0  "j  sin  t  l 
io[o  J  a  2l  O  j  aj 


(II.  107a) 

(II.  107b) 


The  complex  wave  sf2[Jr  +  ieA  is  a  plane  wave  only  when  and  e4  are  both  per- 

'  '  *» 

pendlcular  to  the  direction  of  propagation,  r,  or  when 


r  •  (~e  +  iT  )  =  «  sin  t  ["(cos  0  -  sec  0)  +  i  sin  0 (cos  $  -  sin  $)  1  =  0 

V  r  1/  a[_  J 


(n.  108) 


which  requires  that  <  =  0,  sin  t  =  0,  or  0  =  0.  If  «  is  negligible,  the  total  mean 
power  flux  density  In  terms  of  the  directive  gain  g(r)  is  given  by 


s(T)  =  (er2  +  «j0/tio  “  *(?) 


(li.  10V) 


11-27 


(n.  no) 


g(r)  =  2(1+  sin^  8  sin  $  cos  <f>)  cos2  -r  . 

That  wt  is  the  corresponding  total  radiated  power  may  be  verified  by  substituting  (11.108) 
and  (11.110)  in  (11.87),  with  the  aid  of  (11.93)  and  (11.103). 

Now  let  this  antenna  be  a  receiving  antenna,  and  suppose  that  direct  and  ground, 
reflected  waves  arrive  from  directions  r  ( 8,  4>)  equal  to 

r^O.32,  tt/4)  =  0.9492  xQ  +  0.2224(Xj  +  x2) 

?2(0.28,  0.  75)  =  0.9611  xq  +  0.1430  Xj  +  0.1332  x2  . 


(U.  111a) 
(II.  11  lb) 


Note  that  and  ?2  in  (II.  1 1 1 ) are  not  related  to  and  ?2  in  (n.98)  but  are  two 


particular  values 

of  r.  Corresponding  values  of  r  , 

a 

COS  T  . 

a 

and  sin  t  are 
a 

T 

at 

=  29. 82111  , 

cos  t  =  -  0.0240  , 
ai 

sin  t 

at 

=  -  0.9997 

(II.  112m) 

T 

az 

=  30.19245  , 

cos  t  =  0.3404  . 

az 

sin  t 

az 

=  -  0.9403  . 

(II.  112b) 

The  incoming  waves  in  the  two  directions  r  ^  and  ?2  are  assumed  to  be  plane,  and  the 

distances  r  ,  and  r,  to  their  source  are  assumed  large  enough  so  that  «  ,  sin  t 
14  1  ai 

and  »2  sin  are  negligible  compared  to  cos  r  and  cos  T^,  respectively.  The  plane 
wave  response  of  the  receiving  antenna  in  these  directions  may  be  expressed  in  terms  of  the 
complex  vectors  associated  with  r^  and  ?2  : 


rrl+i74i  =-  0.024  eo  -  x2) +i(0,099  xq  -  0.211  -  0.211  x2)j  (U.  U3a) 


e  +  i  e.  =  0.340  e 
ri  ii  o 


(-0.013  xq  +  0.998  ^  -  1.002  x2)  +  i(0.076  xq  -  0.137  ^  -  0.128  x2)"| 


(U. 113b) 


Since  e  <  =  0,  (II.  44)  with  (Q.42)  and  (11.43)  shov/s  that  =  0,  so  that  e^  and  e^ 

are  principal  and  cross-polarization  components  of  the  complex  vector  receiving  pattern: 


e 

pri 


+  i  e 


ert 


ri 


+  i  e 


ii 


(U.  114a) 
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Those  same  equation*  show  that  =  -  0.005  and  that 


e  +  i  e  =  0.340  e 
pra  era  o 


(-0.013  x  0.999  x,  -  1.001  x,)  +  1(0.076  x„  -  0.132  x.  -  0.113  x,)l 
O  1  C  °  A  •-  \ 


(II.  114b) 


differing  only  slightly  from  (11.  113b),  since  Tri  is  almost  zero. 

The  axial  ratios  of  the  two  polarization  ellipses,  defined  by  (11.30),  are 


a  =  -  0.222  , 

xri 


a  =  -  0.143 
xr  2 


(11. 115) 


and  the  unit  complex  polarization  vectors  and  defined  by  (II.  51)  are  therefore 


Prj  =  0.674 (Xj  -  x2)  +  1(0.067  xo  -  0.142  -  0.142  x2) 


(U.  116a) 


Pr2  =  (-0.009  xD  +  0.692  Xj  -  0.694  x2)  +  1(0.053  x0  -  0.095  Xj  -  0.089  x2)  .  (fl.  U6b) 


The  antenna  gains  g^(r)  and  g ^ )  are  given  by  (II.  1 1 0): 

gr(r  )  =  0.0021,  gr(^)=  0.241  (11.117) 

which  shows  that  the  gain  Gr(r)  a  10  log  associated  with  the  direct  ray  is  29.2  db 

below  that  of  an  isotropic  antenna,  while  the  gain  Gf(r  )  associated  with  the  ground-reflected 

ray  is  -6.  2  db  .  It  might  be  expected  that  only  the  incident  wave  propagating  in  the  direction 

-r  would  need  to  be  considered  in  determining  the  complex  voltage  at  the  receiving  antenna 

terminals.  Suppose,  however,  that  the  ground-reflected  ray  has  been  attenuated  considerably 

more  than  the  direct  ray,  so  that  the  path  attenuation  factor  a  is  0.01,  while  a  =  j. 

Pt  pi 

Suppose  further  that  the  transmitting  antenna  gain  associated  with  the  ground-reflected  ray  is 
6  db  less  than  that  associated  with  the  direct  ray.  Then  the  mean  incident  flux  density 
associated  with  the  ground-reflected  ray  will  be  26  db  less  than  the  flux  density  Sj  associated 
with  the  direct  ray. 

In  order  to  calculate  the  complex  received  voltage  v  given  by  (II,  70)  then,  the 
following  is  assumed: 


r v  =  52  ohms  ,  s  j  =  1  watt /km2  ( =  -  30  dbm/m2) 
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■  j  ■  0,0025  watts /km  ,  \  =  0.0003  km( f  =  1000  MHa  ) 

*  s  0.2  ,  »  =  0.4  ,  =  v/l  ,  tj;  e  1.5 

xi  xa  pi  pi 


Til  “  TPl  +  Ttl  =  °  *  TU  =  Tpi  +  Tti  '  W  • 


(11.118) 


It  will  be  seen  that  the»e  assumptions  Imply  a  more  nearly  complete  polarization  coupling  loss 
between  the  direct  wave  and  the  receiving  antenna  than  between  the  ground-reflected  wave  and 
the  receiving  antenna.  The  effective  absorbing  area  of  the  receiving  antenna  for  each  wave, 
a*  given  by  (11.67)  it 


a  =  1.504  X  10 


ei 


•Ukm2 


62 


1.726  X  10‘9  km2 


(II.  119) 


The  polarization  factors  are 

<i,  •  Pri )  =  -  °*021  i  .  (i4  •  Pr?  )  =  0.062  +  0.236  i  (U.  120) 

and  the  phase  factors  are  exp(ir)  and  exp[i(T+  3.137) ).  respectively.  Substituting  these 
values  in  (11,65),  the  complex  voltages  are 

vi  =  *  l.»75(10‘6)i  exp(ir)  ,  v2  =  -(1.887  +  7.071i)(  10-6)  exp(i  r).  (U.  121) 

The  real  voltage  at  the  antenna  terminals,  as  given  % y  (U.  70)  is 


Vv  =  (V1  +  V2)(V1  +  v2>*  =  8*33  x  10‘6  volts  =  8.  33  microvolts 


(II.  122) 


and  the  corresponding  power  available  at  the  terminals  of  the  loss-froe  receiving 
antenna  is 


wa  =  0,334  X  10"12  watte  >  wa  =  -  125  dbw  =  -  95  dbm 
as  given  by  (11.  71). 


(U. 123) 
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EE.  3.8  Conclusion* 


The  foregoing  exercise  demonstrates  that: 

(1)  Even  small  changes  in  antenna  beam  orientation,  transmission  lose,  polarization 
coupling,  and  multipath  phasing  may  have  a  visible  effect  on  the  available  power  at  the 
terminals  of  a  receiving  antenna, 

(2)  If  the  formulation  of  the  general  relationships  for  a  completely  polarized  wave 
is  programmed  for  a  digital  computer,  it  may  be  feasible  to  estimate  the  complete  stat¬ 
istics  of  a  received  signal  whenever  reasonable  assumptions  can  be  made  about  the  stat¬ 
istics  of  the  parameters  described  in  this  annex. 

(3)  The  measurement  of  antenna  characteristics  in  a  few  critical  directions  will  often 

be  sufficient  to  provide  valuable  information  to  be  used  with  the  relationships  given  here. 

The  nvsaeurement  of  Stokes’  parameters,  for  instance,  will  provide  Information  about  a^, 

h  ,  4<  ,  and  both  the  polarized  field  intensity  s  and  the  unpolarized  field  intensity  s  , 

°r  p  r  o 

These  parameters  [Stokes,  1922  ]  are 


s  +  s  =  total  mean  field  intensity 
r  o 

Q  =  srccs(2p)  cos(  2  4<p) 

U  =*  cos(2p)  sin(2  40 
V  =  sf  sln(2p) 

where 

8  «  tan" 1  a 
r  xr 


(II.  124) 
(II.  125) 
(II.  126) 
(II.  127) 

(U.  128) 


The  unpolarized  or  randomly  polarized  field  intensity  s^  is  determined  from  (II.  124)  and  the 


identity 


sr  =  (Q2  +  U2 


+  V  ) 


2 


(II.  129) 


Using  standard  sources  and  antenna  model  ranges,  the  gain  may  be  determined  from 


gr  =  *r/(eo2/T'o>  ’  *o  =  \Pt/(4"rZ) 


(II.  130) 


assuming,  if  e  is  measured,  that  any  power  reception  efficiency  1/X  less  than  unity 

O  ^  1* 

will  affect  s  and  e  alike, 
r  o 
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II.  4  Liat  of  Special  Symbols  Used  In  Annex  II 


a  ,  a  ,  a  The  effective  absorbing  area  for  the  n  discrete  plane  wave  incident  on  an  an* 

en  ei  et  r 

tenna  from  a  single  source,  (II.  6?j,  and  for  each  of  two  waves  (II.  119) . 

a  ,  a  ,  a  The  fraction  of  energy  absorbed  along  x  ray  path,  or  scattered  out  of  it,  (II.  59), 

P  Pm  Pn 

and  the  fraction  of  energy,  ,  lor  li..'  m  and  n  multipath  components  from 

a  single  source,  whejc  m  and  n  tax-:  on  in, egrai  values  from  1  to  N,  (11.72) 

a  .  a  ,  a  Axial  ratios  of  the  polarization  ellipse  of  the  first,  and  second  olane 

xn  xi  x»  r 

wave  from  a  single  source,  (11.68)  and  (II.  118). 


a  ,  a 
xrn  xri 


ar  a2 


e  ,  e 
0  4> 


a  Axial  ratios  of  the  polarization  ellipse  associated  with  the  receiving  pattern 

ior  the  n*^,  first,  and  second  plane  wave  from  a  single  source,  (II.  68)  and  (II.  1 1  5) . 

Positive  or  negative  amplitudes  of  real  and  imaginary  components  of  a  complex 

_  —  -*—2  2  2 

vector:  a  =  a  ^  +  i  a^,  a  =  a  +  a  ,  (11.  78) . 


The  real  vector  a  -  a  a  ,  where 


is  a  unit  vector. 


Real  vectors  defining  real  and  imaginary  components  of  a  complex  vector:  a  = 
a  +  i  a  ,  (II.  78) . 

1  w 

A  complex  vector:  a-a  +ia,,  (II. 78). 

A  complex  vector  defined  in  terms  of  the  unit  vector  system  x^,  x^,  x^,  (11.95). 

The  positive  or  negative  amplitude  of  the  c  r  os  s- polarized  vector  component  e 

c  r 

of  a  receiving  antenna  response  pattern,  (II.  50). 

The  positive  or  negative  amplitude  of  the  real  vector  e^  associated  with  a  com¬ 
plex  plane  wave  VT  (e  +  ie.)  exp  (it),  where  e  and  e  are  time-invariant  and 
r  i  r  i 

exp  (ir)  is  a  time  phasor,  (II.  41b). 

The  positive  or  negative  amplitude  of  the  principal  polarization  component  e^  of 
a  receiving  antenna  response  pattern,  (11.50). 

The  positive  or  negative  amplitude  of  the  real  vector  component  e  associated  with 

a  complex  plane  wave  \T  (e  +  le.)  exp  (iT),  where  e  end  e.  are  time  invariant 

r  i  r  t 

and  exp  (iT)  is  a  time  phasor,  (II. 41a). 

Equivalent  free  space  field  strength,  (II.  38). 

The  positive  or  negative  real  amplitudes  of  real  and  imaginary  components  of  the 
complex  polarization  vector  e,  (II. 43). 

The  positive  amplitudes  of  real  vectors  e  and  e  associated  with  the  0  and  <J> 

6  <V 

components  of  a  complex  plane  wave,  (II.  4)  figure  II.  1. 

Real  vectors  associated  with  cross  and  principal  polarization  components  of  a  uni¬ 
form  elliptically  polarized  plane  wave,  annex  II,  section  II.  3.  2. 

Directions  of  cross  and  principal  polarization,  chosen  so  that  their  vector  product 
e  x  e  is  a  unit  vector  in  the  direction  of  propagation,  (11.47). 
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*  .  e 

cr  pr 


e  ,  £ 
cr  pr 


*1’  *2 


e  ,  e 

e  4. 


e 

!*  - 
o  ,  e 


111.  IIr! 

)e  |.  |  e  I 

E 

E 


1  kw 


g  .  g  , 
*Pr  pt 


8rn'  8tn 


Cross  and  principal  polarisation  field  component*  of  a  receiving  antenna 
reaponae  pattern,  (11.  491. 

Direction*  of  croaa  and  principal  polarization  component*  of  a  receiving 
antenna  response  pattern,  (11.  51),  (11.  S3). 

The  real  vector  aaaociated  with  the  Imaginary  component  of  the  time -invariant 
part  of  a  complex  piano  wave  sIT  (T^  le*^)  exp  (i-r),  (1141b). 

The  real  vector  aaaociated  with  the  real  component  of  the  time-invariant  part 
of  a  complex  plane  wave  \IF  (e^  +  l  e  )  exp  (ir),  (11.  41a). 

Real  vector  component*  of  a  complex  polarization  vector  T  which  hae  been 
resolved  into  components  which  are  orthogonal  In  both  apace  and  time,  (II.  43). 
Real  vectors  aaiociated  with  the  0  and  $  component*  of  a  complex  plane  wave 
vT  [eg  exp  (Ifg)  +  *  ^  (1t^)]  exP  UT)>  where  only  the  phasor  exp  (ir) 

depends  on  time,  (11,40)  figure  11,1. 

A  unit  vector  e  y  f  perpendicular  to  e  and  P  ,  (11.3  6b)  figure  II.  1. 
e  <f 

A  unit  vector  (P  x  &JI  tin  0  perpendicular  to  P  and  8^,  (U.  36a)  figure  II.  1. 

A  bar  1*  used  under  the  symbol  to  indicate  a  complex  vector:  T  -T  +  1  e*  , 

_  —  _  —pc 

c  =  e  tit  ,  (11.46) . 

—  r  pr  cr  __ 

The  complex  conjugate  of  c  :  e  *  e  -  le  . 

The  magnitude*  of  the  complex  vector*  e  and  e  ,  (II.  55). 

;dI  .  |  eor|  The  amplitude*  of  the  cro**  and  principal  polarization  component* 

e  ,  T  ,  ~  .  and  e  ,  section  U.  3.  3. 
c  cr  o  pr 

Field  strength  In  dbu,  (11.20). 

The  equivalent  free  apace  field  strength  In  dbu,  (11.26). 

The  equivalent  inverse  distance  field,  (II.  28). 

Field  strength  in  dBu  per  kilowatt  effective  radiated  power,  (11.23)  -(11.25). 
Maximum  free  space  directive  gain,  or  directivity,  Section  II  3.4. 

The  cros*-polarlzatlon  component  of  the  directive  gain,  (II  57). 

The  cro*«-polarlzatlon  component  of  the  directive  gain  of  a  receiver,  (11.51). 
Principal  polarization  directive  gain,  (11.57). 

Principal  polarization  directive  gain*  for  the  receiving  and  transmitting 
antenna*,  respectively,  (11.59). 

The  directive  gain*  g^  and  g  ^  for  the  of  a  series  of  plane  wave*,  (II.  66) 
and  (LI.  67)  . 


v  s 

g  (? ) 

8p<f) 


«r(r>  ‘M'V 


Directive  gain*  associated  with  the  field  component*  e  ,  e  ,  (U.37). 

0  b 

Directive  gain  In  the  direction  f,  (11.89). 

Crosi  polarization  and  principal  polarization  directive  gain*  In  the  direction 
r,  (11.94). 

Directive  gain*  associated  with  direct  and  ground-reflected  ray*,  respectively, 
(II.  117) . 
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Principal  polarisation  directive  gain  of  the  transmitter  in  the  direction  f 
which  Is  the  Initial  direction  of  the  most  Important  propagation  path  to 
the  receiver,  (II.  18)  and  (II.  23)  to  (II.  25). 

1  =  sT*. 

Current  In  r.  m.  s.  amperes  where  m  =  0, 1,  2,  (II.  76) . 

Current  In  r.  m.  s.  amperes  corresponding  to  three  elementary  dipoles  In 
three  mutually  perpendlcuW  directions,  (U.  76). 

Pi  opagatlon  constar'  k,  (11.54). 

Used  as  a  subscrip  .  a  load,  for  example,  s^.  represents  the 

Impedance  of  a  load  at  „  o  frequency  v,  (II.  1) . 

The  effective  lose  factor  for  a  receiving  antenna  at  a  frequency  vherts 

(II.  6),  L  -  10  log  I  db,  (n.  8). 
erv  •  erv 

The  effective  loss  factor  for  a  transmitting  antenna  at  a  radio  frequency  v 
herts,  (II.  7) ,  Lety=  10  logi^db,  (II.  9). 

A  mismatch  loss  factor  defined  by  (II.  4). 

The  decibel  ratio  of  the  resistance  component  of  antenna  Input  Impedance  to 
the  free  space  antenna  radiation  resistance  for  the  receiving  and  transmitting 
antennas,  respectively,  (II.  11). 

The  ratio  of  the  actual  radiation  resistance  of  the  receiving  or  transmitting 
antenna  to  Its  radiation  resistance  In  free  space,  (II.  12),  (11.13). 

Propagation  loss,  (II.  14) . 

Basic  propagation  loss,  (11.15).  Basic  propagation  loss  In  free  space  Is  the 
same  as  basic  transmission  loss  In  free  space. 

Unit  complex  polarisation  vector  for  the  Incident  wave,  (II.  54),  and  (11.68). 
Unit  complex  polarisation  vector  associated  with  a  receiving  pattern,  (II.  51) 
and  with  the  receiving  pattern  of  the  ntXl  incident  wave,  (11.68). 

The  complex  receiving  antenna  polarisation  vectors  £r  ior  each  of  two  ray 
paths  between  transmitter  and  receiver,  (11.116). 

Resistance  of  an  antenna,  (II.  1). 

Magnitude  of  the  vector  r  =  r  f  in  the  direction  r  (0,  <J>) ,  and  a  coordinate  of 
the  polar  coordinate  system  r,  0,  <p,  section  II.  3.  1. 

Antenna  radiation  resistance  In  free  space  for  the  receiving  and  transmitting 
antennas,  respectively,  (II.  11),  (II,  12)  and  (11.13). 

Resistance  of  a  load,  (II.  1) . 

An'enna  radiation  resistance  of  the  receiving  and  transmitting  antennae, 
i  espectively,  (II.  10). 

Resistance  component  of  antenna  input  impedance  for  the  receivtng  and 
transmitting  antennas,  respectively,  (II  10). 

Resistance  of  an  equivalent  loss-free  antenna,  (II.  lc)  . 

Resistance  of  an  actual  antenna  In  its  actual  environment.  (U  lb). 

The  vector  distance  between  t-'.o  points,  r  -r  r  ,  (11.80). 
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A  unit  vector,  {II.  3  5' 
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A  cartesian  unit  vect  ? r  coordinate  gygtem,  (11.  35)  and  (II  361 
Total  rr. power  flux  deneity.  (II.  58). 

Mean  ;ower  /lux  denaitiea  aaaoclated  with  cro»g-poiarliatlon,  art 
principal  pole  ilratior.  mponente,  (11.80). 

The  fraction  cf  the  tot  l  fl'tx  d  ngi'y  that  contribute*  tc  the  available  power, 
(11.75). 

Mean  ower  flux  densities  aaaoclated  with  left-handed,  and  light-handed 
poiarlzatU.1,  t  "af  ertlvely,  (11.61). 

F i  «(  apace  field  intenglty  in  -.vattg  per  gquaie  kilometer,  (11.15). 

Tne  ats.;  gtical  "expected  value  of  e  (11.76). 

Mean  power  flux  denalllej  associated  with  (ho  c~c«a  and  principal  poiarira- 
ilon  component*  ol  e  ir.  the  direction  i  ,  (11.17;. 

Complex  open -circ  t.it  r.rn.u.  signal  voltage  for  coherently  phased  rr.ulti- 
pa'h  c  ompor.e  tit«,  (II.  65). 

I.  open  c  i  rc  L.it  r  rr.  *>  voltage  icr  an  equivalent  loss-free  antenna  at  a 
frequent  >•  h  (LI  51 

Th  actual  open-circuit  r  m.  s.  voltage  at  the  antenna  terminal*  at  a 
frequr b  (U  2). 

1  re  f.va.lable  power  c  orre  .ponding  to  propagation  betv/eet.  hypothetical 
lio'rc.'ic  antannaa,  (U.72). 

■'vs  liable  power  at  -he  terminal*  o'  pn  equivalent  loss-free  receiving 
a-ienna  at  a  ■  adic  frequent  y  i,  {II.  5, 

Available  po-.ver  at  the  terminal*  of  the  ictual  receiving  antenna  at  a  radio 
Jr  equor.cy  a,  (II  3) . 

Power  delivered  to  the  receiving  antenna  load,  at  a  radio  frequency  b  (II.  2). 
Total  power  radiated  at  a  frequency  b  (II.  7). 

Tot  a  1  owe  r  delive .  ed  to  the  t  r  a  r.gmlttl  rig  8  rite  tins  at  a  frequency  b  (II .  7)  . 

Itea  tance  of  a  load,  anartual  loggy  antenna,  and  an  equivalent  ioaa-free 
»i  '‘.ina,  respectively,  (fJ.l). 

One  of  thr  r  mutually  perpendicular  direction*,  m  “0,  1,  2,  section  If  3.7. 
Ares  o:  a  cartesian  unit  vectot  coordinate  *y*tem.  (11.35)  figure  II.  1. 
ir.  -.a.  i  e  of  a  load,  (II.  It. 

impedance  of  an  equivalent  !o**-free  anterior.  (II.  1)  . 
impedance  of  an  actual  loggy  antenna,  (U.l). 

The  conjugate  of  r'  ,  lollowlng  (LI.  1)  . 
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A  •mall  increment  med  in  (U.  97)  &nd{U.98). 

ChAracte rittic  Impedance  of  free  apace,  r\  ~  4wc.lv  ,  (It.  .  9) 

o 

A  polar  coordinate,  (II.  3  5). 

Radio  frequency  In  hertz  (cycle*  per  sscond),  section  II.  1. 

Limit*  of  integration  (II. 8),  (II. 9). 

The  time-varying  phate  t  =  k  (ct  -  r),  where  c  1*  the  frue  strace  veloc.ty  of 
radio-wave*,  t  1*  the  time  at  the  radio  source,  *r.u  r  1*  the  length  -of  the  r  dio 
ray,  (II.  34). 

Time  element  defined  by  (II.  10  3). 

The  time  element  cor  respondin'*  to  direct  and  ground-reflet. *  d  v  r  ^ee 
at  the  receiving  antenna.  (U.  112) . 

A  time-independent  phaar  which  1*  a  function  or  r,  (11.42),  (11.14). 

*h 

The  time -independent  phr.ee  for  the  n  component  of  an  incident  wnv  v 
section  II.  3.  6. 

The  time-independent  phase  for  two  component!)  ol  an  Incident  v/ava 
(11.118). 

Initial  phase  of  ‘be  current  supported  by  one  of  m  elementary  -Houles.  w>  tre 

m  -  0,1,  2,  (U.  ?9). 


A  function  of  tl .;  ray  ’.tn,  Including  allowance*  for  oath  Icng’L  Jit- eience* 
and  d.ffrac'io  or  reflection  phase  *hlt>*.  ;U.  'j41. 

The  pht.*e  fu  -ction  t  for  the  r‘n,  first,  and  uccoud  jiar  •  w  ><  e  li.cidet  t 
P 

on  ar.  ant*’  .ua  from  a  tingle  source,  '.'1.651  r  mi  (II.  1)8). 

Ant:  oe  chase  response  for  the  nrelvinj.;  .'.n*enna,  (,U  <",). 

ct 

The  antenna  phase  response,  .  for  the  first,  ant?  tt  .ono  ;Un  i 

wave  Incident  on  the  receiving  antenna,  iU.mS)  t.  d  tectl>  n  Tl.  4.  7. 

Antenna  phase  response  for  a  trar.omltt.ng  eaten. .a,  (II  61} . 

The  antenna  piiase  response  t  for  the  n1*5,  firs.,  mu'  leioml  plane 
(II.  65)  and  (II.  118) 

Phases  associate  i  with  the  electrical  .leld  components  «  ,  e  .  i'U.40), 

a  <t 

One  of  the  polsr  coordinates,  r,  0,  $,  , XI.  o9)  ;\nd  ‘tgurc  tl. 

Ti  e  acute  angle,  Ist  each  of  tw  >  waves,  (II.  T8). 
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Annex  III 

SUPPLEMENTARY  INFORMATION  AND  FORMULAS  USEFUL  FOR  PROGRAMMING 
The  material  of  thia  annex  ie  organized  into  the  following  aectiona: 

).  Line-of-aight 

2.  Diffraction  over  a  single  isolated  obstacle 

3.  Diffraction  over  a  single  isolated  obstacle  with  ground  reflections 

4.  Diffraction  over  irregular  terrain 

5.  Forward  scatter 

6.  Forward  scatter  with  antennas  elevated 

7.  Long-term  variability 

8.  List  of  special  symbols  used  in  annex  111 

Section  1  lists  geometric  optics  formulas  for  computing  transmission  loss  over  a 
smooth  earth,  for  determining  the  magnitude  and  phase  of  the  reflection  coefficient,  and  for 
computing  a  first  Fresnel  zone  along  a  great  circle  path.  Graphs  of  the  magnitude  R  and 
phase  c  of  the  reflection  coefficient  are  included.  Section  2  gives  mathematical  expres¬ 
sions  that  approximate  the  curves  A(v,  0),  A(0,  p)  and  U(vp)  for  convenience  in  using 

a  digital  computer.  Section  3  lists  geometric  optics  formulas  used  to  compute  diffraction 
attenuation  when  several  components  of  the  received  field  are  affected  by  reflection  from  the 
earth's  surface.  Section  4  defines  the  parameters  K  and  b  for  both  horizontally  and 

vertically  polarized  radio  waves.  Section  5  shows  the  function  F(0d)  for  N  =  250,  30  1, 

s 

3  50,  and  400,  and  for  values  oi  s  from  0,01  to  1,  Curve  fits  to  the  function  F(0d)  and 
equations  for  computing  s  0)  are  Included.  Section  6  suggests  modifications  of  the 

prediction  methods  for  use  when  antenna  beams  are  elevated  or  directed  out  of  the  great 
circle  plane.  Section  7  shows  diurnal  and  seasonal  changes  in  long-term  variability. 
Mathematical  expressions  used  to  compute  predicted  distributions  are  shown  and  a  method 
of  mixing  distributions  ie  described.  Section  8  is  a  list  of  special  symbols  used  in  this 
annex. 


Section  I.  1  of  annex  I  explains  an  easily  programmed  method  for  obtaining  ref¬ 
erence  valuee  of  attenuation  relative  to  free  space  Acr  for  a  wide  range  of  applications. 
These  reference  valuee  may  be  converted  to  estimates  of  transmission  lose  exceeded  for 
100  p  =  100(1  -  q)  percent  of  the  time  by  subtracting  the  quantities  V(0.5)  and  Y(q)  defined 
by  ( 10 . 4)  and  (10 ,  5)  of  volume  1  and  discussed  also  tn  section  7  of  this  annex. 
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HI.  I  L,ine-of-Sight 

Simple  formulas  lor  line- of- eight  propagation  which  suffice  for  most  applications,  are 
given  in  section  5  of  the  report.  Formulas  for  geometry  over  a  smooth  earth  and  for  deter¬ 
mining  the  magnitude  and  phase  of  the  reflection  coefficient  are  given  nere.  These  formulas 
may  be  used  when  the  great  circle  path  terrain  visible  to  both  antennas  will  support  a  substan¬ 
tial  amount  of  reflection,  and  it  is  reasonable  to  fit  a  smooth  convex  curve  of  radius  a  to  this 
portion  of  the  terrain. 

Figure  5,  lb  illustrates  the  geometry  appropriate  for  reflection  of  a  single  ray  by  a 
smooth  earth  of  effective  radius  a,  In  the  figure,  4*  is  the  grazing  angle  at  the  geometrical 
reflection  point  located  at  distance  d^  from  an  antenna  of  height  h^  and  at  a  distance  d 
from  an  antenna  of  height  h^.  The  total  path  distance  d  =  d^  +  d^  is  measured  along  an  arc 
of  radius  a.  The  difference, &r,  between  the  reflected  ray  path  length  +  r^  and  the  length 
of  the  direct  ray,  i  ,  is  calculated  to  find  the  phase  of  a  radio  field  which  is  the  sum  of  ground- 
reflected  and  free  space  fields.  If  Ar  is  less  than  0.061.,  these  ray  optics  formulas  are  not 
applicable.  For  almost  all  cases  of  interest  the  angle  4<  is  small  and  the  straight  line  distances 
r,,  r,  and  r  are  very  nearly  equal  to  the  mean  sea  level  arc  distances  d  ,  d„  and  d.  The 
geometric  optics  formulas  given  below  usually  require  double-precision  arithmetic, 


-l  K1  dl 

tan  y  =  cot  (d  /a)  -  (1  t-  h  /a)  esc  (d  /a)  “  -j—  .  -r— 

1  1  1  dj  4a 

-1  h2  d2 

tan  41  =  cot(d2/a)  -  (1  +  h^a)  csc(d2/a)  S 


i  5  +  (h2/a)2  •  2{hj/a)(h2/*)  +  2(1  +  hj/a  +  h2/a  +  (h^/a)(h2/a)) ( 1  -  cos(d/a)]  J 


(I1I.1) 

(HI.  2) 

% 


(III.  3) 
(HI.  4) 


(HI.  6) 


(ill.  6) 


Equating  ( III.  1 )  and  ( III .  2 )  and  substituting  d-d  for  d  in(111.2),  the  distance  d  may 

l  i  1 

he  determined  graphically  or  by  trial  and  error,  and  tan  4/  is  then  calculated  using  (UJ,  1). 


Ill- 2 


Using  double  precision  arithmetic,  (III.  1)  through  (111.6)  give  an  accurate  estimate  of  the 
path  difference  Ar  for  reflection  of  a  single  ray  from  a  smooth  earth.  This  value  is  then  used 
In  (5.4)  or  (5.  5)  of  section  5  to  compute  the  attenuation  relative  to  free  apace. 

If  either  hj  or  h^  greatly  exceeds  one  kilometer,  and  if  it  is  considered  worth¬ 
while  to  trace  rays  through  the  atmosphere  in  order  to  determine  4*  more  accurately, 
values  of  dj  or  d^,  tabulated  by  Bean  and  Thayer  [  1959  ],  may  be  used.  Given  h^,  h^, 

and  the  surface  refr activity,  N#,  select  trial  values  for  4<i  calculate  dj  and  d^,  and 
continue  until  dj  4  d2  =  d.  Then  (ULl)  and  (II 1.2)  must  be  solved  for  new  values  of  hj 
and  if  (HI. 3),  (111.4),  and  (HI.5)  are  used  to  obtain  the  path  difference, 

Ar  =  r  4  r  -  r  . 

I  2  o 

The  symbols  R  in  (5,1)  and  c  in  (5.4)  represent  the  magnitude  and  the  phase 
angle  relative  to  tr,  respectively,  of  the  theoretical  coefficient  R  ey.p[-i  (tr-c)  ]  for  reflec¬ 
tion  of  a  plane  wave  from  a  smooth  plane  surface  of  a  given  conductivity  a  and  relative  di¬ 
electric  constant  t  .  Values  of  R  and  c  as  a  function  of  the  grazing  angle  4.  are  shown  in 
figures  HI.  1  to  IH.8  for  vertical  and  horizontal  polarization  over  good,  average,  and  poor 
ground,  and  over  sea  water.  The  magnitude  R  of  the  smooth  plane  earth  reflection  co¬ 
efficient  is  designated  Ry  or  Rh  for  vertical  or  horizontal  polarization  respectively, 
and  is  read  on  the  left-hand  ordinate  scale  using  the  solid  curves.  The  phase  angle  relative 
to  ir,  is  designated  c  or  c^  for  vertical  or  horizontal  polarization  respectively,  and 
is  read  in  radians  on  the  right-hand  scale  using  the  dashed  curves.  As  seen  from  these 
figures  in  most  cases  when  the  angle  4-  is  small,  R  is  very  nearly  unity  and  c  may  be 
set  equal  to  zero.  A  notable  exception  occurs  in  the  case  of  propagation  over  sea  water 
using  vertical  polarization. 

In  preparing  figures  HI.  1  to  IH.8,  the  following  general  expressions  for  the  mag¬ 
nitudes  R  and  RL  and  lags  (w  -  c  )  and  (n  -  c  )  were  used.  In  these  equations, 
v  h  v  n 

<  is  the  ratio  of  the  surface  dielectric  constant  to  that  of  air,  <r  i®  the  surface  conductivity 
in  mhos  per  meter,  f  i3  the  radio  frequency  In  megacycles  per  second,  and  +  is  the 
grazing  angle  in  radians. 

x  =  1.  80  X  104  0-  /f,  q  =  x/(2p)  (111.7) 

2  p2  =  f(.  -  co.2  40*  4  x2  ]  ^  4  (.  -  cos2  40  UU.  8) 

e  I  I 
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2  2 
p  4  q 


(HI.  9) 


=  ,  m  =  ,  2p-y-  (in.  io) 

2  v  n  c,  £• 

p  4  q  P  +  9 
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r  2  =  f  l  +  b  sin2  -  m  sin  4>1  fl  +  b  sin2  4»  +  m  sin  4<1  (***•  1A) 

v  !  v  v  J  L  v  v  I 


—  1  +  b.  sin2  4  -  rn,  sin  4<1  jl 

L  h  **  JL 


in  4  1  j  1  ♦  bh  sin2  +  + 


sin  4>  ^ 


(10.  12) 


it  -  c  =  tan 

V 


-if  X  sin  4.  -  q  \  _  -if  x  sinjit  q  \  (IE.  13) 

V  «  sin  4  -  P  /  \  «  sin  y  ♦  P  / 


rr  -  c.  =  tan 
n 


-  q 

sin  4“  -  p 


‘tt) 


(01.  14) 


The  angle  is  always  positive  and  less  than  n,  and  is  always  negative  with  an  ab¬ 
solute  magnitude  less  than  it.  The  pseudo  Brewster  angle,  where  cy  suddenly  changes  from 
near  zero  to  n  / 1,  and  where  Rv  is  a  minimum,  is  sin  \'l  AT . 

For  grazing  angles  less  than  0.1  radian,  for  overland  propagation,  and  for  fre¬ 
quencies  above  30  Mc/s.  excellent  approximations  to  (UI.11)  and  (1H.12)  are  provided  by 
the  following  formulas: 


Ry  =  exp ( -  mv  4*) 
Rh  -  exp(-mh+) 


(UL  IS) 

(in.  it) 


The  assumption  of  a  discrete  reflection  point  with  equal  angles  of  incidence  and 
reflection  as  shown  in  figure  5.1  is  an  oversimplification.  Actually,  reflection  occurs  from 
all  points  of  the  surface.  For  irregulai  terrain,  this  is  taken  into  account  by  a  terrain 
roughness  factor  irh,  (subsection  5.  1),  which  is  the  r.m.s.  deviation  of  terrain  relative  to 
a  smooth  curve  computed  within  the  limits  of  a  first  Fresnel  zone  in  a  horizontal  plane.  The 
outline  of  such  a  Fresnel  ellipse  is  determined  by  the  condition  that  the  length  of  a  ray  path, 
ri  1  +  r2  1’  corresponding  to  scattering  from  a  point  on  the  edge  of  the  ellipse  is  half  a  wave 
length  longer  than  the  geometrical  ray  path,  ^  +  r2>  where  the  angles  of  incidence  and 
reflection  are  equal. 

The  first  Fresnel  ellipse  cuts  the  great  circle  plane  at  two  points,  x&  and  x^ 
kilometers  from  the  transmitter.  The  distances  and  arc  defined  by  the  relation 


r2  sin24+x2+  y!  r2  sin2  4  +  (  +  *2>  cos  4  -  x]2  =  r  j  +  r^  +  \  U  * 


OH.  17) 
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The  exact  solution  for  x  is 


f  Z 

2xa  b(l  +  6)  =  [(r1  +  r2)(l  +  6)  +  (rj-r^]  cos  +  ±  (fj  +  r^  W*)  6\'  1  +  4y 2/t +  *2>  6] 


(III.  18) 


where 


2  =  h^2  +  d^  ,  r2  =  h22  +  d2  ,  (ri  +  r2^  =  (hl +h2*  +  d 


,  2  2 
*  »  •  J 


cos  p  =  dj /r ^  =  d2^r2  •  ***>  ^  =  h^  ^ri  =  ^2  ^r2 


6=  f - +  -4—1 

L  y  .  V  T 1 +  r2  J 

4Vl  +  r2  J 


/ sin 2  + 


dj,  d2  are  defined  by  (5.7),  and  X  la  the  radio  wavelength  in  kilometers. 

As  an  alternative  method,  the  points  and  x^  may  be  computed  in  terms  of  path 

distance,  the  heights  h^  and  hj,  and  the  radio  frequency.  In  this  method,  the  distance 
Xg  to  the  center  of  the  first  Fresnel  zone  is  first  computed,  then  the  distance  Xj  from  the 
center  to  the  margin  of  the  zone  is  subtracted  from  x^  to  give  x^,  and  added  to  give  x^. 


■where 


Xj  =  0.S48  B  d 


=  d/2  l+Bflh'2.  h'2)]  km 

-  J 


=  f  0.3d  ( 1  +  2  h1  h'  /d2)  +  f(h'  +h;>2l 

1  c  1  Z  | 


2  2  /4 

rr  z  i  l  +  (hi+h2)  /d  ^ 

i  [fhlh'/d  +  o.o75(i  +  2hV /d2)  J  ; - - - J - 

IL  12  12  J  U  +  Zh'hL/d2  h 

1  ^ 


(XU.  19) 


(XU.  20) 


(IU.21) 


x  «  x.  -  x,  km  ,  x  =  x.  +  x.  km  . 
a  6  1  b  0  1 
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The  method  given  In  (111.19)  to  (111.21)  is  applicable  whenever  d  >>  If  In  addi- 

i  i  2 

tion,  hj  h,  <  <  d  ,  the  computation  of  B,  and  x^  may  be  •lmpllfled  aa  follows: 


=  j’o.3d  +  f(h'i  +h!,)2] 


(111.  22) 


ti  =  0.548  B  d2  |j^f  hjh'2/d  +  0.075-]  U  +  (h^ +h2)2/d2  j  | 


(111.  22) 
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REFLECTION  COEFFICIENT, 


THE  COMPLEX  REFLECTION  COEFFICIENT  Rei(7r‘c) 
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Figur«  22.2 
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PHASE  SHIFT  IN  RADIANS, 


reflection  coefficient. 


IN  RADIANS , 


'C  T 10M  COEFFICIENT 


:HIF  T  IN  RADIANS, 


REFLECTION  COEFFICIENT, 


THE  COMPLEX  REFLECTION  COEFFICIENT  Rel(7r_c) 


PHASE  SHIFT  IN  RADIANS. 


ON  COEFFICIENT, 


III.  2  Diffraction  over  a  Single  Isolated  Obstacle, 

The  theoretical  diffraction  loss  curves  on  figures  7.1  to  7,4  have  been  fitted  by 
arbitrary  mathematical  expressions  for  convenience  in  using  a  digital  computer. 

The  diffraction  loss  for  an  isolated  rounded  obstacle  and  irregular  terrain  is  given  in 
section  7  as: 

A(v,  p)  =  A(v,  0)  +  A(0,  p)  +  U(v  p)  db  (7.7) 

where  the  parameter  v  is  defined  as 

v:l2  ‘TETTk  2  ±  s/  2d  a  ~f3~  !\ 

o  o 

or 

v  -  ±  2.583  9  '/Td  jcl  J73" 

and  p  an  index  of  curvature  of  the  rounded  obstacles  is  defined  as: 

n  ,,,  1/3. -1/6,  .  .'A  ,7  Hi 

p  =  0.676  r  f  [d/r  r2)|  (7-8) 

For  an  ideal  knife  edge,  (p  =  0),  the  diffraction  loss  is  A(v,  0)  and  is  shown  on 
figure  7.1.  For  values  of  v  from  -0.8  to  large  positive  values,  this  curve  may  be 
approximated  using  the  following  mathematical  expressions: 

For  -0.8s  v  s  0  , 

A(v,0)  =  6.02  +  9.0  v  +  1.65  v*  db.  (III.  24a) 


(7.  la) 

(7.  lb) 


For  0SVS2.4, 

A(v,  0)  =  6.02  +  9.  1 1  v  -  \.Z7  vZ 

For  v  >  2.4, 

A(v,  0)  =  12.963  +  20  log  v  db  . 

The  theoretical  curve  for  A(0,p)  is  approximated  by: 

2  3 

A(u,  p)  =  6.02  +  5.  556  p+  3.418  p  +  0 .  2 56  p  cih, 
and  tiic  curve  U(vp)  is  approximated  as  follows; 


(III.  24b) 


(III.  24c) 


(III.  25) 
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(ID.  26a) 


2  3 

For  vp  <  3:  U(vp  )  =  11.  45  vp  +2.  19  (vp  )  -  0.  206  (vp  )  -  6.  02  db  . 

For  3  <  vp  <  5;  U(vp  )  s  13.  47  vp  +  1.  058  (vp  )  -  0.  048  (vp  -  6.  02  db  .  (111.  26b) 

For  vp  <  5:  U(vp  )  =  20  vp  -  18.  2  db*  (III.  26c) 

An  average  allowance  for  terrain  foreground  effects  may  be  made  by  adding  a  term 
10  exp  (-2.  3  p)  to  A(0,  p  ) .  This  term  gives  a  correction  which  ranges  from  10  db  for 
p  :  0  to  1  db  for  p  =  1  . 

When  reflections  from  terrain  or.  either  or  both  sides  of  the  obstacle  should  be  con¬ 
sidered,  the  method  given  in  the  following  section  may  be  used.  This  method  considers  the 
diffraction  loss  and  phase  lag  over  the  diffracting  obstacle,  and  the  path  length  differences 
and  reflection  coefficients  of  the  reflected  waves. 
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III.  3  Diffraction  over  a  Single  Isolated  Obstacle  with  Ground  Reflections 
Diffraction  over  an  isolated  obstacle  is  discussed  in  section  7,  where  ways  of  approx¬ 
imating  the  effects  of  reflection  and  diffraction  from  foreground  terrain  are  indicated.  Where 
the  effects  of  reflection  are  expected  to  be  of  great  importance,  such  as  in  the  case  of  prop¬ 
agation  over  a  large  body  of  water,  the  following  geometric  optics  method  rryxy  be  used. 

Figure  LII.9  illustrates  four  distinct  ray  paths  over  a  knife  edge;  the  first  ray  is  not 
reflected  from  the  ground,  the  second  and  third  are  each  reflected  once,  and  the  fourth  ray 
is  reflected  once  on  each  side  of  the  knife  edge.  Each  ray  is  subject  to  a  diffraction  lo89  f. 
and  a  phase  lag  $  at  the  knife  edge,  where  j  =  1,  2,  3,  4.  Both  f.  and  4  depend 
on  the  knife-edge  parameter  v  given  in  section  III. 2.  When  he  isolated  obstacle  is  rounded, 
rather  than  an  ideal  knife  edge,  the  diffraction  loss  depends  on  v  ar.d  p  ,  where  p  is  the 
index  of  curvature  of  the  crest  radius,  defined  in  section  III. 2.  The  parameter  v  may  be 
written: 

v.  =  i  ZsTKJ\  S  ±  •Tl5~cT~a~ JT  (in.  27) 

J  J  °J  oj 


where  A.  is 
j 


•*1  r  rl  +  r2  ‘  r0’  ^2  r  ril  ■*  r  12  +  r2  *  r02 


A3  =  ri  +  r21  +  r22  *  r03*  A4  =  rii  +  f12  +  r21  +  r22  ’  r04  • 


(in.  28) 


h’ath  differences  A.  used  to  calculate  v  in  (III.  27)  are  closely  approximated  by 
t.ifi  following  formulas  : 

4  =dj.8j!,  dr  .  M*l  8(r 

°2r  '  2dU  W  8«  '  *2,  *  8J,  '  <*“•  ”> 

The  total  phase  change  ®(v,p)  at  an  isolated  rounded  obstacle  is 


$  -  $ ^(v,  p)  =  90  v  +  $(v,0)  +  #0,  p)  +  <(><vp) 


(IU.  30a) 


where  the  functions  fy{v,  0),  4><0,  p),  and  4>(vp)  are  plotted  as  dashed  curves  on  figures 
7.1,  7,4,  and  7.  5,  For  an  ideal  knife  edge,  where  the  radius  of  curvature  of  the  crest  is 
zero,  p  =  0,  and  (III,  30a)  reduces  to 


.or  v  ■  C 


v,  0) 


90  v  +  <(>(  v,  0) 


(111.  30b) 


for  v  •.  0 


»  (v.  0)  =  <M  v.  O)  • 


(III  30c) 


iii-n 


The  three  component*  of  the  received  field  which  are  affected  by  reflection  from  the 

earth's  surface  depend  also  upon  effective  ground  reflection  coefficients  R  ^exp[-i(n  -c^)  ] 

and  R  _  exp  t-i(ir  -  c  ,)  ] ,  defined  in  section  5,  and  upon  ray  path  differences  A,  and  A„  : 
e3  3  *  2r  or 


A2r  =  ril  +  rl2-rl-  2*1  dlld12/dl 


A3r  =  r21  +r22*r2-  2  *2  d21  d22/d2‘ 


(III.  31) 


Usually,  it  may  be  assumed  that  c^  =  c  ^  =  0  so  that  the  reflection  coefficients  are  -R^ 

and  -R  ,  . 
e  3 

Introducing  the  propagation  constant  k  =  2  it/k,  the  attenuation  relative  to  free  space 

is  then 


A  =  -  20  log 


fjexpf-i  4^)  -  R£2  f2  exp  pi(«2  +  kA^"] 


where 


-R  f  exp  |-i(4>3  +  kA  )  [  +  Re2  ReJ  f4  exp'ri(®4  -!  k  A£  +  k  A  )  ;  l  db  (III.  32) 
"  ’  J  •-  J  J 


<i  •  *  »\!  11  •  ci  •  */  *  >ci  -  s/'  “»  ♦iT.4  ^8 


;i  ’  i  ’  "•(  T-)  "•  sj  -  $  ‘  •'"(  T-)  <“• 


(III.  33) 


Pearcey  [  1956  J,  and  the  NBS  AMS  55  Handbook  of  Mathematical  Functions  [  1964  ]  give 

complete  tables,  series  expansions,  and  asymptotic  expressions  for  the  Fresnel  integrals 

C  and  S  .  The  magnitude  f.sf(v  )  for  v  =  v.  may  also  be  determined  from  figure  7.1 
j  j  1  1  J 

and  the  expression 

(Ill.  34) 


log  f( v  )  =  -  A( v.)/ 20 


and  where  v  is  larger  than  3; 


1  =  0. 22506; ‘v  ,  4> .  -  —  ,  1  +  2  v.  )  radians 

J  J  J  4  \  '  * 


•/) 


(ILL.  35) 


Figure  III.  10  is  a  nomogram  which  may  be  used  in  the  determination  of  f(v.)  and  4>(v.) 
for  both  positive  and  negative  values  of  v.  This  nomogram  is  based  on  the  representation 
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of  Fresnel  integrals  by  the  Cornu  spiral. 

The  general  problem  requires  calculating  6,  ci,  d  , 

V  ,  and  «4>  ,  as  shown  in  figure  III. 9. 

1  ^ 


!ii'  dU’  d21'  d22’ 


1. 

Calculate 

0. 

J 

and  A  for 

j 

2. 

Calculate 

v  . 

J 

C.,  S.,  f., 
J  J  J 

3. 

Calculate 

A 

IT 

and  A 

jr 

4. 

Calculate 

R 

Ci 

and  R 

ej 

R  =  1. 

e  3 


5.  Substitute  these  values  in  (UI.32). 


To  check  the  calculation  of  each  v.,  the  approximation  given  in  (III. 27)  may  be  used,  with 

the  following  formulas  for  a  -  a.  O./a  and  A  .  =  d  0  / d : 

oj  2  j  oi  1  j 


“01  1  d2  °/d 

“02  =  “01  +  2di,+1d2/(d1d) 

“03  =  floi  +  2d22  °2/d 


“04  =  “02  +  “o 3  *  “01  *04  =  "02  r  *03  *  *01  '  (IU*  3(') 

Two  special  cases  will  be  described  for  which  (HI. 29)  and  (III. 31)  may  be  simplified. 

First,  assume  that  each  reflecting  surface  may  be  considered  a  plane.  Let  h  and  h 

t  trr. 

be  the  heights  of  the  transmitting  antenna  and  the  knife  edge  above  the  first  plane,  .'.r.d  let 

h  and  h  be  the  heights  of  the  knife  edge  and  the  receiving  antenna  above  the  second 
r  m  r 

reflecting  plane.  Assume  that  Ar  is  very  small  ter  every  A.  In  terms  of  the  heights  h(, 

h  ,  h  ,  h  ,  the  parameters  0,  d,,  and  d,  and  the  parameter  d  s  d.d,/(2d): 
tm  r  rr.  r  1  2  r  1  2 


*oi  r  di  0/d 

*02  '  *01  +  2Qil  vl/d 

*03  "  *01  +2d22'"2dl/(d2d> 

*04  =  *02  r  *03  ‘  *01  ’ 


A  =2hh  /d  ,  A.,  =  2  h  h  /d 

2r  t  tm  1  3r  r  rm  2 


A ,  =  d  02  ,  A  =  d  (0  +  h  A  )2 
1  r  2  r  tm  2r 


A  =  d  (0  +  h  A  )2  ,  A  r  d  (0  +  h  A  +  h  A  ) 2  .  (III.  37) 

3  r  rm  3r  4  r  tm  2r  rm  3r 


The  second  special  case  assumes  a  knife  edge  over  an  otherwise  smooth  eartn  cf 

effective  radius  a,  with  antenna  heights  ant;  n  small  compared  to  the  height  of  the  knit 

edge.  In  this  case,  and  h^  are  heights  above  the  smooth  curved  earth.  The  angle  of 

elevation  of  the  knife  edge  relative  to  the  horizontal  at  one  antenna  is  0  and  relative  to  the 

ht 

horizontal  at  the  other  antenna  is  C  .  Referruig  to  (3.  12); 
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A2r  =  ht!^  6ht  +4V(3a)  +  0ht]  *  A3r  =  hrN6hr44hr/l3a)  +  e-’'  ’  ^  38) 


For  this  special  case,  the  formulas  (lit. 29)  for  iV  may  be  simplified  by  writing 

V^rV'V'  'j,'4V|!V' 


(in.  39) 


m-2o 


BEYOND -HORIZON  KNIFE-EDGE 
DIFFRACTION  WITH  GROUND 
REFLECTIONS 

(KNIFE-EDGE  NORMAL  TO  RAY  PATH) 


Ill,  4  Parameters  K  and  b  for  Smooth  Earth  Diffraction 


In  .-eel ion  8,  the  parameters  K  and  b  are  shewn  on  figures  8.1  and  8.4  for 
horizontally  and  vertically  polarized  waves  for  poor,  average,  and  good  ground,  and  for  sea 
water. 

Assume  a  homogeneous  ground  in  which  the  relative  diele_trie  constant  <  and 
conductivity  a  of  the  ground  arc  everywhere  constant  .  K  and  b°  arc  defined  as  follows; 

l  or  horizontal  polarization. 


K.  ~  1.7778  x  10"2  C  f’*  [(, -ll2+x2] 

h  o 


(III.  40a) 


.  .1  /,  .  i  \ 

b  =  180  -  tan  -  — — —  J  degrees  . 

n  \  x  / 


(III.  40b) 


I  Or  vertical  oolarization  . 


2  2 

K  -  {«  +  x  )  K. 


(IU.  41a) 


- 1  1  ■  -  1  ' 

=  2  tan  (c/x)  -  tan  {  — J  degrees 


(III.  4  1b) 


"■'•.■■r.-  v  <1, -pends  on  the  ground  conductivity  <r  ,  in  mhos  per  meter, and  the  radio  frequency 
!  ,  m  megacycles  per  second,  and  has  been  defined  by  (III.  7)  as 

x  r  1.8  x  104  all 


'  is  defined  m  section  8  as 


C  =  ;8497/a)J 
o 


where  a  is  the  effective  earth's  radius  in  kilometers. 


When  <j7 :  >>(t/-)x  10  ,  the  parameters  K  and  b°  may  be  written 


-4  1/6  -M2  o 

Ku  1.34  5  x  10  C  t  '  a  ,  b,  *  180 

ho  h 


(in.  42) 


Lf  -  -  -  1/2  -5/6  .  « 

Kas2.3.soCo'  f  ,  d  at  0 

\  o  v 


(IJJ.  43) 


i.d  -v.  n  cr / f  ■  -  <  (t  12.)  y.  10  ,  the  parameters  K  and  b°  may  be  written  as 


Kh  at  1.7778  X  10'  C  l~ '  (t  -  1)' 


bL  ~  90 
h 


(IU.  44) 


K  ~  i  K  ,  1. 

I:  V 


90 


(III.  4.) 


(111.  50) 


h(rj)  =  r  j  f(rj)  ,  f(r  x)  =  Ci(rj)  ain  Tj  +  [n/2  -  Si(rj)  ]  coa  r  j 

and 

h(r,)  =  r2  i{r2)  ,  f(r2)  =  Cl(r2)  Bin  r2  +  [  it/2  .  Si(r2)  ]  cue 

r  r 

ci(r)r  j  ^ dt »  si(r)  =  c  (in. 5i) 

0 


Values  of  the  alee  Integral  Si(r)  and  the  cosine  integral  Ci(r)  for  arguments  from 
10  to  100  are  tabulated  in  volume  32  of  the  U.  S,  NBS  Applied  Math  Series  [  1954],  See 
also  [NBS  AMS  1964  ],  The  function  h(r)  is  shown  graphically  in  figures  111.20  and  111.21. 

For  the  special  case  of  equal  effective,  antenna  heights,  h  =  h^,  equation  (111.49) 
is  not  applicable.  In  this  case  =  0)  computed  as: 


Hq( t|g  =  0)  =  10  log 


4 _ 

h(r)  -  r  g(r)  j 


} 


(UI.  52) 


where 


g(r )  =  Ci(r)  cos  r  -  [  ir/2  -  Si(r)  ]  Bin  r 


(III.  53) 


When  the  effective  height  of  one  antenna  is  very  much  greater  than  that  of  the  other, 
the  computation  may  be  simplified  aa  follows: 


For  r2  <  <  r^ ,  H^(rl(i  =  0)  *  10  log 


o  's 


W?  [1  -  h(r  ) 


} 


For  r  >>  r  ,  H  (ti  =  0)  =  10  log  -j  — j - - -  } 

U.  [  1  -  h(r. )  1  J 


1  .  -  -  h(^) 


(Ili.  54a) 


(III.  54b) 
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Figure  W  20 


THE  FUNCTION  h(r) 


IS.  6  Transmission  Loos  with  Antenna  Beams  Elevated 
or  Directed  Out  of  t-he  Great  Circle  Plane 

The  methods  of  section  9  may  be  modified  to  calculate  a  reference  value  of  long-term 
median  transmission  loss  when  antenna  beams  arc  either  elevated  or  directed  away  from  the 
great  circle  path  between  antennas.  For  many  applications,  the  average  transmission  loss 
between  antennas  with  random  relative  orientation  is  about  10  db  more  than  the  basic  trans¬ 
mission  loss,  which  assumes  eero  db  antenna  gains. 

Figure  1U..22  shows  scattering  subvolumes  at  intersections  of  antenna  main  beams 
and  side  lobes.  A  "scatter"  theory  assumes  that  the  total  power  available  at  a  receiver  is 
the  sum  of  the  powers  available  from  many  scattering  subvolumes.  For  high  gain  antennas, 
the  intersection  of  main  beams  defines  the  only  important  scattering  volume.  In  general,  all 
power  contributions  that  are  within  10  db  of  the  largest  one  should  be  added. 

For  a  total  radiated  power  : 

-0.1  L  -0.1  L. 

wt/w(  =  10  Br  ,  wai/wt  =  *0  1  (III.  55) 


where  L  is  the  transmission  loss  and  L  is  the  loss  associated  with  the  i  th  power 
sr  i 

contribution,  w  ; 


r  ■°-1  Lt 

L>r  =  -  10  log  (w^./w^)  s  -10  log  l  10 


(III.  56) 


L.  =  30  logf  -  20  log(d  /r  )  +  F(6  d)  -  F  .  +  H  .  +  A  -  G  .  -  G  .  +  L  .  .  (III.  57) 
i  8  8  o  '  ei  oi  oi  a  ti  ri  gi 


In  (in. 57)  f,  <d,  and  A^  are  defined  as  in  (9.1)  and  the  other  termi  are  related  to 

similar  terms  in  (9.1).  If  the  effective  scattering  angle  8  for  the  i  th  intersection  is 

equal  to  the  minimum  scattering  angle  9,  then  F(0  ,d  ),  F  .,  H  are  equal  to  F(9d), 

ei  ol  ol 

F  ,  and  H  ,  and  G  .  +  G  .  -  L  ,  =  G  .  Note  that  a  term  20  log(r  /d)  has  been  added 
o  o  ti  ri  gi  p  o 

in  (UI. 57)  to  provide  for  situations  where  the  straight  line  distance  r  between  antennas 

o 

is  much  greater  than  the  sea-level  arc  distance  d.  Such  differences  occur  in  satellite  com¬ 
munication. 

Scattering  planes,  defined  by  the  directions  of  incident  and  scattered  energy(may  or 
may  not  coincide  with  the  piane  of  the  great  circle  path.  F.ach  "scattering  plane"  is 
determined  by  the  line  between  antenna  locations  and  the  axis  of  the  stronger  of  the  two 
intersecting  beams,  making  am  angle  with  the  great  circle  plane. 


Ill-  3  7 


When  ray  bending  mult  be  considered,  the  equations  for  and  (5^  are 


a  -  a  +  t 
e  eo 


(v 


■  N.)  "(v  ”.)  Im-6U! 


/  d  eec  (, 

3  =  P  +  r  (  0  ,  -=^r - 

e  reo  s  br  * 


•  O-'Cv^O 


(in.  6ib) 


where  -t ( 0^ ,  d,  Ng)  is  the  bending  of  a  radio  rav  which  tav^g  off  at  an  angle  8^  above  the 
horizontal  and  travele  d  kilometer#  through  an  atmosphere  characterized  by  a  surface 
refractivity  N  .  The  ray  bending  r  may  be  determined  using  methods  and  tables  furnished 
by  Bean  and  Thayer  [  1959  ].  For  short  distances,  d,  or  large  angles,  9^,  t  is  neglig¬ 
ible,  If  9^  is  less  than  0.1  radians,  the  effective  earth’s  radius  approximation  is  adequate 
for  determining  t, 


t(v  iiFi-  «.)■  t  t‘  -  V‘(N.’> 


(ILL.  62) 


1  l,a  rufercnce  value  of  long-term  median  transmission  loss  is  computed  using 

(in. 56)  where  the  losses  associated  with  several  scattering  subvolumes  are  computed  using 

(111.57).  The  attenuation  function  F(d  0  )  is  read  from  figure  9.1  or  figures  III. 11-  111.14 

as  a  function  of  0  .. 

ei 

The  generalized  scattering  efficiency  term  FQi  is 


FolS  1.086(v/he)(2ho-hl.he-hLt-hLr) 


(111.63) 


0eIOe+Pe'  Be=ae/?e'  he  =  %  d  9e/(  1  +  V  '  V  =  \  (he’  V  <*“•«**> 


and  the  other  terms  are  defined  in  section  9.  In  computing  the  frequency  gain  function  H  . , 

01 

if  a  >  a  use  r  =  »,  if  (5  >  p  use  r  =  w,  then  H  .  =  H  +3  db.  If  both  antennas 
e  o  1  e  o  Z  oi  o 

are  elevated  above  the  horizon  rays,  Hq,  -  6  db.  Atmospheric  absorption  is  discussed 

in  section  3.  The  gains  and  G  ^  are  the  free  space  directive  gains  defined  by  (111.58), 

and  the  lose  in  gain  L  is  computed  at  hown  in  section  9  replacing  t>  ,  e,  6,  and  0 

gl  8 

by  t]  ,  h  ,  6  ,  and  0  . 

s  e  e  e  e 
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la  computing  long-term  variability  of  transmission  loss  ior  beams  elevated  above  the 

horizon  plane,  the  estimates  of  V  and  Y  given  in  section  10  should  be  reduced  by  the 

factor  f(0  )  shown  in  figure  111.24,  with  0  =  0  : 

h  h  b 


V  (0.5,  d  )  =  V(0.5,  d  )  f(8  ) 

c  o  on 


(HL  ,5a) 


Ye(q,  de)  =  Y(q,  de)  f(0h)  . 


(Ill  65b) 


The  angle  9^  used  in  (m.65)  should  be  the  elevation  above  the  horizontal  of  the 
scattering  subvolume  corresponding  to  the  minimum  value  of  L. . 


Ill-  40 


SCATTERING  SUBVOLUMES  IN  A  SCATTERING  PLANE 


n  =  2S 


ILLUSTRATION  op  a  SCATTERING  PLANE  CONTAINING 
THE  MAIN  BEAM  OF  THE  RECEIVING  ANTENNA 


Plgvr*  18.22 
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VERTICAL  DEVIATION  FROM  POWER  GAIN  IN  db  RELATIVE 

SEAM  AX)S,«|r.iN  RADIANS  TO  AN  ISOTROPIC  ANTENNA 


FREE  SPACE  ANTENNA  PATTERN 


INTERSECTION  OF  AN  EQUIVALENT 
ANTENNA  POWER  PATTERN  WITH 
THE  SURFACE  OF  A  UNIT  SPHERE 


POLAR  AXIS 


PATTERN  PARAMETERS 

#(0  *  0.04 

#,w0  =  0  06 

»«zl  =O.0R 

•l*l»0.08 

#,zZ  =  0.02 

^1w2  *  0-02 

‘ur012 

«.  =0.?0 
fwi 

.,*2=0  22 

*1w2:0!0 

gto  =  6545 

G,0  =28 . 16  db 

9(1  *20.7 

G, ,  =  13. 16 db 

9,2  * 3.28 

G|2  *  5  l6db 

gb,=C.J95 

Gb,  =  -AOAdb 

ANTENNA  VOLTAGE  PATTERN. 
POLAR  DIAGRAM  IN  THE 
EQUATORIAL  PLANE 


CARTESIAN  DIAGRAM  OF  TRANSMITTING  ANTENNA  POWER  PATTERN  IN  THE  EQUATORIAL  PLANE 


MERCATOR  PROJECTION  OF  THE  INTERSECTION  OF  THE  EQUIVALENT  TRANSMITTING 
ANTENNA  POWER  PATTERN  WITH  THE  SURFACE  OF  A  UNIT  SPHERE 


HORIZONTAL  DEVIATION  from  beam  AXIS,#,  ■  RADIANS 
Figurf  DI  23 
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THE  ELEVATION  ANGLE  CORRECTION  f  (0h)  FOR  LINE-OF-SIGHT  PATHS 

FOR  BEYOND-HORIZCN  PATHS,  f  <0h)  =  l 
WITHIN  THE  HORIZON ,  f  (6^1 1  ^  ~  Tr  TAN-1  [20  LOG  ( 40h)] 


(*&>* 
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ANGLE  OF  ELEVATION,  6h  ,  OF  LINE-OF-SlGHT  PATH  ABOVE  HORIZONTAL 


III. 7  Long-Term  Power  Fading 

Long-term  power  fading  la  dlecussed  In  section  10.  Figures  10.  5  to  10.  16  show  em- 
plr  ical  estimates  of  all-year  variability  for  (1)  continental  temperate  (2)  maritime  temperate 
overland  and  (3)  maritime  temperate  oversea  climates.  The  curves  shown  on  these  figures 
are  based  on  a  large  amount  of  data.  Estimates  of  variability  in  other  climates  are  based  on 
what  is  known  about  meteorological  conditions  and  their  effects  on  radio  propagation,  but  have 

relatively  few  measurements  to  support  them. 

Figures  QL25  to  IU.29  show  curves  of  variability  relative  to  the  long-term  median, 

prepared  by  the  CC1R  [  1963  f  ]  for  the  following  climatic  regions: 

(4)  Maritime  Subtropical,  Overland. 

(5)  Maritime  Subtropical,  Oversea.* 

(6)  Dosert. 

(7)  Equatorial. 

(8)  Continental  Subtropical. 

In  some  cases,  random  path  differences  have  undoubtedly  been  attributed  to  climatic  dif¬ 
ferences.  Available  data  were  normalized  to  a  frequency  of  1000  MHz,  and  the  curves 
correspond  to  this  frequency.  They  show  all-year  variability  Y(q,  d^,  1000  MHz)  about  the 
long-term  median  as  a  function  of  the  effective  distance  d^  defined  by  (10.  3).  Variability 
estimates  for  other  frequencies  are  obtained  by  using  the  appropriate  correction  factor  g(f) 
shown  in  figure  III,  30: 

Y(q)  =  Y(q,  de,  1000  MHz)  g(i).  (OL  66) 

The  empirical  curves  g(f)  are  not  intended  as  an  estimate  of  the  dependence  of  long¬ 
term  variability  on  frequency,  but  represent  an  average  of  many  effects  that  are  frequency- 
sensitive,  as  discussed  in  section  10. 

Variability  about  the  long-term  median  transmission  loss  L(0. 5)  is  related  to  the 
long-term  reference  median  Lcr  by  means  of  the  function  V{0,5,  d  )  shown  on  figure  10.  1. 
The  predicted  long-term  median  transmission  loss  is  then: 

L(0. 5)  =  L  -  V(0. 5,  de)  (U1.67) 


and  the  predicted  value  for  any  percentage  of  time  is 

L(qj  *  L(0.  5)  -  Y(q)*  (ffl.  6ff) 

*  Curvss  for  climate  5  have  beer*  deleted.  Thsy  wers  based  on  a  very  small  amount  of 
data.  For  hot,  moist  tropical  areas  use  climate  4,  and  for  coastal  areas  where  prevailing 
winds  are  from  the  ocean,  use  climate  3. 


IH-44 


IIIi  7.  1  Diurnal  and  Seasonal  Variability  in  a  Continental  Temperate  Climate 
The  curves  shown  in  figures  10.5  to  10.16  and  111.25  to  111.29  represent  variability 
about  the  long-term  median  for  all  hours  of  the  day  throughout  the  entire  year.  For  certain 
applications,  it  is  Important  to  know  something  about  the  diurnal  and  seasonal  changes  tnat 
may  be  expected.  Such  changes  have  been  studied  in  the  continental  United  States,  where  a 
large  amount  of  data  is  available.  Measurement  programs  recorded  VHF  and  UHF  trans¬ 
mission  loss  over  particular  paths  for  at  least  a  year  to  determine  seasonal  variations.  Data 
were  recorded  over  a  number  of  paths  for  longer  periods  of  time  to  study  year-to-year 
variability. 

As  a  general  rule,  transmission  loss  is  less  during  the  warm  summer  months  than  in 
winter,  and  diurnal  trends  are  usually  most  pronounced  in  summer,  with  maximum  trans¬ 
mission  loss  occurring  in  the  afternoon.  The  diurnal  range  in  signal  level  may  be  about 
10  db  for  paths  that  extend  just  beyond  the  radio  horizon,  but  is  much  less  for  very  short  or 
very  long  paths.  Variation  with  season  usually  shows  maximum  losses  in  mid-winter, 
especially  on  winter  afternoons,  and  high  fields  in  summer,  particularly  during  morning 
hours.  Transmission  loss  is  often  much  more  variable  over  a  particular  path  in  summer 
thanit  is  during  the  winter,  especially  when  ducts  and  elevated  layers  are  relatively  common. 
The  data  were  divided  into  eight  "time  blocks"  defined  in  tabic  HI.  l.  The  data  were 
assumed  to  be  statistically  homogeneous  within  each  of  the  time  blocks.  With  more  and 
shorter  time  blocks,  diurnal  and  seasonal  trends  would  be  more  precisely  defined,  except 
that  no  data  would  bo  available  in  some  of  the  time  blocks  over  many  propagation  paths.  Even 
with  the  division  of  the  year  into  winter  and  summer  and  the  day  into  four  periods  as  in  table 
XII.  1,  it  is  difficult  to  find  sufficient  data  to  describe  the  statistical  characteristics  expected 
of  transmission  loss  in  Time  Blocks  7  and  8. 

Table  Ill.  1 
Time  Blocks 

No,  Months 

1  Nov.  -  Apr, 

2  Nov.  -  Apr. 

3  Nov.  -  Apr. 

4  May  -  Oct. 

5  May  -  Oct. 

6  May  -  Oct, 

7  May  -  Oct. 

8  Nov.  -  Apr, 


Hours 

0600  -  1300 
1300  -  1300 
1800  -  2400 
0600  -  1300 
1300  -  1800 
1800  -  2400 
0000  -  0600 
0000  -  0600 


In  some  applications,  it  is  .convenient  to  <  ombine  certain  time  bluekt  into  groups,  for 
instance,  some  characteristics  of  long-term  variability  are  significantly  different  for  the 
winter  group  (Time  Blocks  1,  2,  3,  6)  than  for  the  summer  group  (Time  Blocks  4,  5,  6,  7). 
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In  other  climatic  region*,  U  the  annual  range  of  monthly  average  value*  of  N#  1* 
let*  than  20  N  unite  (figure  IQ.  31),  aeaeonal  variations  are  expected  to  be  negligible.  One 
would  also  expect  less  diurnal  change,  for  example,  in  a  maritime  temperate  climate  where 
changes  in  temperature  during  th*  day  are  less  extreme.  In  climates  where  N#  changes  con¬ 
siderably  throughout  the  year,  the  consecutive  4-6  month  period  when  N(  is  lowest  may  be 
assumed  to  correspond  to  "winter",  whatever  months  may  be  Involved. 

For  the  U.S.  only,  the  parameter  V(0.  5,  d^)  for  each  of  the  eight  time  blocks  and  for 
"summer"  and  "winter"  is  shown  in  figure  IQ.  32.  Curves  of  the  variability  Y(q,  d^,  100  MHt) 
about  the  long-term  median  for  each  of  these  times  of  day  and  seasons  are  shown  in  figures 
III.  33  to  111.42.  These  curves  are  drawn  for  a  frequency  of  100  MHs  .  Figures  III.  33  and 
111,34  show  the  range  0.01  to  0.99  of  Y(q,  d#,  100  MHt)  for  the  winter  time  blocks,  1,2,  3, 

8  and  the' summer  time  blocks  4,  5(  6,  7,  Each  group  of  data  was  analysed  separately.  Some  of 
the  difference*  shown  between  time  blocks  1,  2,  3,  and  8  are  probably  not  statistically  signifi¬ 
cant.  Marked  differences  from  one  time  block  to  another  are  observed  during  the  summer 
months . 

Figures  III.  35  through  111.42  show  data  coded  in  the  following  frequency  groupe,  88- 
108  108-250  and  400  to  10  50  MHt  as  well  as  curves  for  Y(q)  drawn  for  100  MHs  .  In  gen¬ 

eral  these  figures  show  more  variability  in  the  two  higher  frequency  groups  especially  during 
"summer"  (time  blocks  4,  5,  6  and  7).  Because  of  the  relatively  email  amount  of  data  no  at¬ 
tempt  was  made  to  derive  a  frequency  factor  g(q,  f)  for  individual  time  blocks. 

The  curves  for  summer,  winter,  and  all  hours  shown  in  figures  10.  13  through  10.22 
represent  a  much  larger  data  sample,  aince  time  block  information  was  not  available  for 
some  paths  for  which  summer  or  winter  distributions  were  available. 

The  smooth  curves  of  V(0,  5,  d^)  and  Y(q,  d^,  100  MHs)  versus  d  shown  in  fig¬ 
ures  10.13,  10.14,  III.  25  to  III.  29  and  III.  32  to  III.  42  may  be  represented  by  an  analytic  func¬ 
tion  of  the  general  form: 


where 


V(0.  5) | 
■r(0. 1))  = 
-Y(0.  9)! 


w 


t  ♦  (f 


•f  )  exp( -c  d 
®  2  e 


(III.  89 


(UI.  70) 


The  termi  c  ,  c  ,  c  ,  n  ,  n  ,  n  ,  f  .  and  f  in  (III,  69)  and  (III.  70)  are  constant* 
i  £  j  l  £  3  m  « 

for  any  given  ti..ie  block  and  value  of  q.  The  parameter*  f  and  f  are  maximum  and 

m 

asymptotic  values,  respectively,  Tables  III,  2  to  III,  4  list  value*  of  the  eight  parameters  re¬ 
quired  In  (UI.  69)  to  obtain  V(0.  5,  d),  Y(0.  1,  d' ,  100  MHt)  and  -Y(0. 9.  d  ,  100  MHt)  for  the 

v  t  t 

eight  time  blocks  in  table  HI,  1,  and  for  summer,  winter,  and  sit  hours.  The  constants  giver. 
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in  Table*  Ill.  2  to  III,  4  (or  •ummer.  winter  end  all  hour*  were  determined  uatng  only  radio 

path*  lor  which  time  block  information  1*  »-'ail»ble.  They  do  not  yield  the  curve*  ehown  in 

figure*  10.  13  and  10. 14  of  section  10,  which  represent  a  much  larger  data  eample. 

Table*  Ill.  5  to  111.  ?  lie t  value*  of  the  eight  parameter*  in  (Ul.  69)  required  to  compute 

V(0.  5),  Y(0.  1,  d  ,  f  )  and  Y(0.9,  d  ,  f  „  )  for  each  of  the  climatic  region*  discussed  in 
c  iVlHfc  c  MHz 

section  10,  Volume  1,  and  section  111.?  of  this  annex. 
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Constants  for  Calculating  V(0. 
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Constants  for  Calculating  -  Y{0.  9,d  ,  100  MHz) 
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TABLE  til.  6 
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xn.  7.  2  To  Mix  Distributions 

When  a  prediction  is  roquired  for  a  period  of  time  not  shown  on  the  figures  or  listed 
in  the  tables,  it  may  sometimes  be  obtained  by  mixing  the  known  distributions.  For  example, 
the  distributions  for  time  blocks  5  and  6  would  be  mixed  if  one  wished  to  predict  a  cumulative 
distribution  of  transmission  loss  for  summer  afternoon  and  evening  hours.  In  mixing  dis¬ 
tributions,  it  is  Important  to  average  fractions  of  time  rather  than  levels  of  transmission  loss 
Distributions  ot  data  for  time  blocks  may  also  be  mixed  to  provide  alstriDutions  for  otner 
periods  of  time.  For  example,  data  distributions  for  time  blocks  1,  2,  3,  and  *  were 
mixed  to  provide  distributions  of  data  for  "winter".  When  averages  are  properly  weighted, 
such  mixed  distributions  are  practically  identical  to  direct  cumulative  distributions  of  the 
total  amount  of  data  available  for  the  longer  period. 

The  cumulative  distribution  of  N  observed  hourly  median  values  is  obtained  ae 

follows:  (1)  the  values  are  arranged  in  order  from  smallest  to  largest,  Lj,  Lj,  > 

L  ....  L  ,  (2)  the  fraction  q  of  hourly  median  values  less  than  L  is  computed: 

n*  ’  N 

i  i  n  1  ■ 

q  M  -  N  -  ,>N  ' 

(3)  a  plot  of  L  versus  q(n)  for  values  of  q  from  1/(2N)  to  1  -  1/(2N)  is  the 
observed  cumulative  distribution. 

To  mix  two  distributions,  the  following  procedure  is  used:  (1)  choose  ten  to  fifteen 
levels  of  transmission  lose  L^,  ---,  1^,  covering  the  entire  range  of  Uq)  for  both  dis¬ 
tributions,  (2)  at  each  of  these  levels,  read  the  value  q  for  each  distribution  and  average 
these  values,  (3)  plot  each  selected  level  of  transmission  loss  at  the  corresponding  average 
fraction  ol  time  to  obtain  the  "mixed"  distribution.  In  this  way,  any  number  of  distributions 
may  be  combined,  if  each  of  them  represents  the  same  number  of  hours.  If  the  number  of 
hours  is  not  the  same,  a  weighted  average  value  q  should  be  computed,  using  as  weights  the 
number  of  hour*  represented  by  each  distribution. 
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MATE  4,  MARITIME  SUBTROPICAL  OVERLAND 


EFFECTIVE  DISTANCE  ,  de  ,  IN  KILOMETERS 


The  curve*  for  climate  5,  Maritime  Subtropical  Oversea,  have  been  deletea.  These 
were  based  on  a  very  small  amount  of  dat%.  Data  obtained  since  the  preparation  of  these 
curves  Indicate  that  the  following  give  good  estimates: 

Climate  4,  Maritime  Subtropical  Overland,  for  hot  moist  tropical  areas  or  climate 
3,  Maritime  Temperate  Oversea,  for  coastal  areas  where  the  prevailing  winds  are  from 
‘he  ocean. 
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CLIMATE  6,  DESERT, SAHARA 


m-57 


EFFECTIVE  DISTANCE  ,  de  .  IN  KILOMETERS 


EFFECTIVE  DISTANCE  ,  de  ,  IN  KILOMETERS 


MATE  8,  CONTINENTAL  SUBTROPICAL 


EFFECTIVE  DISTANCE  ,  d.  ,  IN  KILOMETERS 


THE  FACTOR  g(f) 
g  ( f }  =  1  FOR  CLIMATES  4, 5,  AND  7. 


oc  m 


ANNUAL  RANGE  OF  MONTHLY  MEAN  N 


*82  8  8  9  Si  8  °*o*o  g  8$  8  82  g  « 


m  -61 


it  m  »jn6| j 


E  FUNCTION  V(0.5,  de)  FOR  VARIOUS  PERIODS  OF  TIME  IN  THE  USA. 

L(05)  *  Lcr  -  VI0.5,d#)  db 


S  T3SI030  Nl  (*p'fiO)A 
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EFFECTIVE  DISTANCE  ,  de  ,  IN  KILOMETERS 


WINTER  TIME  BLOCKS,  NOV.  -  APRIL, 


ST38I030  NI  (*p'bU 


m-63 


EFFECTIVE  DISTANCE,  de,  TN  KILOMETERS 


SUMMER  TIME  BLOCKS,  MAY  -  OCT. 

CURVES  FOR  88-108  MHZ 


-64 


EFFECTIVE  DISTANCE 


NOV.  -  APRIL.  1300  -  1800  HRS.,  U.  S.  A. 
de)  FOR  THE  FREQUENCY  RANGE  88  -  108  MHZ 


RIL,  1800-2401.  HRS.,  J. 

E  FREQUENCY  R  'r-E  88  -  K»S  Mri 


TiME  BLOCK  8.  NOV.  -  APRIL,  OOOO -  0600  HRS.,  U.  S.  A. 
CURVES  SHOW  Y(q,  d*)  FOR  THE  FREQUENCY  RANGE  86-  108  MH2 


ECTIVE  DISTANCE ,  de,  IN  KILOMETERS 


TIME  BLOCK  4,  MAY  -  OCT.,  0600-1300  HRS.,  U.  S.  A. 
CURVES  SHOW  Y(q,d.)  FOR  THE  FREQUENCY  RANGE  88  -  108  MM* 


a  k  2  **  2  r 

i  i 
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H3  -69 


EFFECTI 


TIME  BLOCK  5,  MAY  -  OCT..  1300-1800  HRS.,  U.  S.  A. 
CURVES  SHOW  Y(q ,  de!  FOR  THE  FREQUENCY  RANGE  88  -  108  MHZ 
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EFFECTIVE  OlSTANCE ,  d,,  W  KIL0METER9 


.  MAY  -  OCT..  1800  -  2400  HRS.,  U.  S.  A. 
de)  FOR  THE  FREQUENCY  RANGE  88-103  MHZ 


$139030  Nl  NVI03H  NU31-0NO1  3M1  inoflt  AA I1I8VIUVA 
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EFFECT 


TIME  BLOCK  7.  MAY  -  OCT.,  0000*0600  HRS.,  U.  S.A. 
CURVES  SHOW  Y(q.  de)  FOR  THE  FREQUENCY  RANGE  88-108  MM2 
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EFFECTIVE  DISTANCE,  de,  IN  KILOMETERS 


A(v  ) 


Ch’ 


J 

Cl(r),  Cl(r  j),  Ci(r2) 


III.fi  List  of  Special  Symbol*  Used  In  Annex  III 
Attenuation  relative  to  free  apace  for  each  of  several  ray*  at  a  function  of  the 
parameter  Vj  ,  where  J=  1,  2,  3,  4,  (111.3-4). 

The  parameter  b,  a  function  of  ground  constant*,  carrier  frequency,  and  polari¬ 
zation,  expre**ed  In  degree*,  figure  8.2,  and  equation*  (111.40)  and  (111.41). 

The  parameter  b  for  horizontal  polarization  defined  by  (III.  40). 

The  parameter  b  for  vertical  polarization,  (111.41). 

A  parameter  allowing  the  pha*e  change  a*»oclated  with  the  complex  plane  wave 
reflection  coefficient  R  exp  [  -l(w  -c)]  corresponding  to  reflection  from  an  In¬ 
finite  smooth  plane  surface,  (5.4)  figure*  III.  1  through  HI.  8. 

Value*  of  c  lor  horizontal  and  vertical  polarization,  respectively,  (III.  13)  and 
(III.  14)  figure*  III.  1  through  IH.  8. 

Fresnel  Integral,  (111.33),  where  j=  1,  2,  3,  4. 


Cosine  integral  a*  a  function  of  r,  (111.51),  r^  and  r^  (III.  50) . 


d  Distance  used  In  calculating  ground  reflections  in  knife  edge  diffraction;  d  is 

r  r 

defined  by  (IO.  29) . 

d  ,  d  ,  d  ,  d  Distances  used  in  computing  diffraction  attenuation  with  ground  reflec- 

11  12  21  22 

lions,  (01.31)  figure  10.9. 

f  Diffraction  loss  for  each  of  several  distinct  ray*  over  an  Isolated  obstacle, 

where  J  -  1,  2,  3,  4.  (HI.  32-01.  35) . 

Diffraction  loss  for  each  of  four  distinct  ray*  over  an  Isolated  obstacle,  (III.  32). 


f(i-j).  I<r2) 

f(Vj, 

f<V 


ol 


F<0cid) 


8b'  gbt 


g(f) 

°b-  Cbt 
Grl’  Gti 


Functions  of  the  normalized  antenna  heights  r^  and  r^,  (III.  50). 

A  function  identically  equal  to  for  v  =  v^  ,  (10.33)  figure  III.  10. 

A  factor  used  to  reduce  estimates  of  variability  for  antenna  beams  elevated 
above  the  horizon  plane,  (01.65)  figure  01.22.  See  9^  and  0^. 

Scattering  efficiency  correction  term  for  the  i*  '  lobe  of  an  antenna  pattern, 

(HI.  63)  . 

This  function  1*  the  same  as  F(6d)  with  the  effective  angular  distance  0  sub¬ 
stituted  for  the  angular  distance,  6,  annex  IO,  (10.57). 

A  high  gain  antenna  radiates  gfa  watts  per  unit  area  In  every  direction  not  ac¬ 
counted  for  by  the  main  beam  or  by  one  of  the  side  lobes  of  an  antenna.  The 

gain  a,  for  a  transmitting  antenna  Is  g,  ,  section  01.6. 
b  bt 

A  frequency  correction  factor  shown  in  figure  10.30,  (10.66). 


Decibel  equivalent  of  g 


Gains  of  the  1 
(IO.  57) . 


th 


=  10  log  gb>  and  of  gb{, 


annex  III  section  III.  6. 


lobe  of  receiving  and  transmitting  antennas,  respectively, 


h  .  h 
r  m  tm 


A  height,  using  elevated  beams,  tliat  Is  equivalent  to  h^  for  horizon  rays, 
(IO.  63). 

Height  of  a  knife  edge  above  a  reflecting  plane  on  the  receiver  or  transmitte r 
side  of  the  knife  edge,  (IO.  37), 


10.73 


fi(i-)  A  (unction  o(  r  ihown  In  figure*  HI.  20  and  III.  21. 

h(  i  ^) ,  h(  r  )  A  (unction  of  or  defined  by  (III.  50)  and  shown  on  figure*  III.  20  and 

in.  2i. 

th 


ol 


gl 


The  frequency  gain  function  for  the  1  beam  lnteraectlon  In  a  scattering  plane 
(XU.  57). 

Represent*  a  serle*  of  subscripts  1.  2,  3,  4,  as  used  In  equations  (UI.  27)  to 

(in.  35). 

The  diffraction  parameter  K  for  horitontal  polarisation,  section  UI.  4. 

The  diffraction  parameter  K  for  vertical  polarisation,  section  III.  4. 

Los*  In  antenna  gain  for  the  l1^  scattering  subvolume,  (HI.  57) . 

Transmission  loss  associated  with  the  l^1  power  contribution,  (III.  55)  and 
(III.  57). 


Lj,  L^.  .  .  L  ...  LN  A  series  of  hourly  median  values  of  transmission  loss  arranged  In 


L(q) 


in,  ,  m 
n  v 


order  from  the  smallest  to  the  largest  value,  section  III.  7, 

Transmission  loss  exceeded  a  fraction  q  of  the  time,  (III.  68). 

Parameters  used  in  computing  the  magnitudes  R  and  R  of  the  smooth 

h  v 


plane  earth  reflection  coefficient  R,  (III.  10). 

mho.  A  unit  of  conductance,  the  reciprocal  of  resistance  which  Is  measured  In  ohms, 

figures  UI.  1  to  III.  8. 

P  A  function  of  the  dielectric  constant  and  grazing  angle  used  In  computing  the 

plane  wave  reflection  coefficient,  (III.  8). 

f|  A  parameter  used  in  calculating  a  plane  wave  reflection  coefficient,  (III.  7)  to 

(III.  14)  . 

r  I  i ,  r  1 2*  r2i‘  T zi  Distances  to  and  from  the  bounce  point  of  reflected  rays,  (III.  28)  fig¬ 
ure  UI.1). 

Rh  Plane  earth  reflection  coefficient  R  for  horizontal  polarization,  (HI.  12)  and 

figures  HI.  1  to  IH.8. 

R  Plane  earth  reflection  coefficient  R  for  vertical  polarization,  (HI.  12)  figures 

UI.  1  to  HI.  8. 

a  Path  asymmetry  factor  for  beams  elevated  above  the  horizon,  s  =  a  / 13  , 

<’  c  c  e 


Sl(r) 

S. 

J 


at 


x  ,  x 
a  b 


a  ,  fl 
e  e 


(HI.  64)  . 

Sine  Integral  as  a  function  of  r  ,  (HI.  51). 

Fresnel  Integral,  (HI.  33). 

The  parameter  v  for  each  of  j  paths  over  an  Isolated  obstacle,  (UI.27). 
Contribution  to  the  total  available  power  from  the  l^1  scattering  subvolume, 
(III.  55)  and  (IV.  1  1)  . 

Points  at  which  a  first  Fresnel  ellipse  cuts  the  great  circle  plane,  HI.  18  to 
III.  23. 

The  angles  between  the  "bottoms1,  of  transmitting  or  receiving  antenna  beams 
or  Bide  lobes  and  a  line  Joining  the  antennas,  (HI.  61), 


IU-74 


“el*  Pel 
°eo*  ?eo 


a  .,  P 

oj  oj 

a  ,  a  ,  (3 
O  1  01 


6  ,  6 
rwo  two 


6  ,  6 
rto  t 2 o 


Angle*  a  and  for  the  1^  lobe  of  an  antenna  pattern. 

When  beam*  are  elevated  auiflclently  that  there  1*  no  bending  of  the  ray  due  to 

atmospheric  refraction  a  -  a  ,  (3  =  (S  ,  (III.  60);  when  ray  bending  mu*t  be 
r  e  eo  e  eo 

considered  a  and  (3  are  computed  using  (III.  6 1) . 
e  e 

The  angle*  a  ,  (5  made  by  each  of  j  ray*,  over  an  Isolated  obstacle,  (111.36). 
o  o 

,  il  The  angles  a  and  (3  for  each  of  four  rays  over  an  Isolated  obstacle, 
ot  ol  *  o  ro 

(III.  36). 

A  parameter  used  In  computing  the  first  Fresnel  zone  In  a  reflecting  plane, 

(Ill.  18). 

The  effective  half-power  seml-beamwldth  of  an  antenna,  section  111,6. 

The  effective  half-power  aemi-beamwidth  of  an  antenna  that  Is  elevated  or  di¬ 
rected  out  of  the  great  circle  plane,  section  III.  6. 

The  seml-beamwldth  of  an  equivalent  beam  pattern  with  a  square  cross-section 

6  «  6\Zrr  J  4  ,  section  111,6. 
o 

Azimuthal  equivalent  aemi-beamwidth*  with  square  cross-section,  (111.  58) 
figure  111.  23. 

Vertical  angle  equivalent  seml-beamwldthe  with  square  cross-section,  (III.  58) 
figure  Ed.  23. 

Azimuth?  1  equivalent  seml-beamwldth  with  square  cross-section,  section  III.  6. 

/ertlcal  angle  equivalent  seml-beamwldth,  section  III.  6. 

,th 

The  J 


Al'  W 


value  of  hr  ,  where  Ar  =  r ,  +  r  -  r  ,  (hi.  27)  and  (III.  29) . 

1  2  o 

Ray  path  differences  between  a  direct  ray  and  a  ray  path  over  a  single  iso¬ 
lated  obstacle  with  ground  reflections,  (111.  28)  figure  (111.  9) . 

A^,  A^#  Ray  path  difference  between  straight  and  ground  reflected  rays  on 

either  side  of  an  Isolated  obstacle,  (111,  31),  (111.  37), 

<  Ratio  of  the  dielectric  constant  of  the  earth's  surface  to  the  dielectric  constant 

of  air,  figures  8.1  and  8.2,  annex  111.4. 

Angle  between  the  axis  of  the  main  beam  and  the  axis  of  the  first  side  lobe  of 
an  antenna  pattern,  figure  1H.  22  . 

Azimuth  angles  of  the  first  and  second  lobes  of  a  transmitting  antenna  relative 
to  the  main  beam  axis,  figure  111.  23. 

Elevation  angles  of  the  first  and  second  lobe*  of  a  transmitting  antenna  relative 
to  the  main  beam  axis,  figure  III.  23. 

The  angle  that  a  scattering  plane  makes  with  the  great  circle  plane,  (111.60), 

(111.  61),  and  figure  111.  22. 

A  function  of  h  and  N  used  in  computing  F  ,  and  H  for  scattering  from 
e  s  ot  ol 

antenna  beams  directed  above  the  horizon  or  away  from  the  great  circle  plane, 
(III.  64). 

Angle  of  elevation  ol  the  lower  half  power  point  of  an  antenna  beam  above  the 

horizontal,  (111.62).  See  9  and  f ( 9  ) . 
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Value*  of  9  for  the  receiving  and  transmitting  antenna*,  retpectlvely,  (111.61). 
Value*  of  6.  for  the  1  beam  intersection,  (111,59). 

D 

The  angle  between  radio  ray*  elevated  above  the  horiton  and/or  away  from  the 
great  circle  plane,  (Q1.64), 

The  angle  0^  at  the  1  Intersection  of  radio  raye  elevated  above  the  horixon 
and/or  away  from  the  great  circle  plane,  (111.  57). 

0  The  angle  0  for  the  first,  second,  ...  intersection  of  radio  rays, 

en  e 

figure  Ul.  22. 

Angle  of  elevation  of  a  knife  edge  relative  to  the  horizontal  at  the  receiving  or 
transmitting  antenna,  (01,38). 

Angle  between  direct  and/  or  reflected  ray  over  a  knife-edge,  where  j  =  1,  2,  3,  4 
a*  shown  in  figure  10.9. 

Angie*  defined  in  (01.29),  where  j  -  1,  2,  3,  4,  which  are  added  to  0  to  determine 

0=0+0.  . 
j  Jr 

0  Values  of  0,  for  J  =  1,  2,  3,  4,(01.  29) . 

4r  Jr 

The  angle  between  rays  from  the  transmitting  and  receiving  antennas  over  an 
isolated  obstacle  with  ground  reflections,  figure  01.9. 

Surface  conductivity  in  mhos  per  meter,  figure*  8.  1  and  8.2,  section  01.4. 

The  amount  a  radio  ray  bend*  in  the  atmosphere,  (10.62). 

Bending  of  a  radio  ray  that  take*  off  at  an  initial  angle  6  and  travels  d 

b 

kilometer*  through  an  atmosphere  characterized  by  a  surface  refractivlty  , 
(10.61). 
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Component  of  phase  lag  due  to  diffraction  over  an  Idealized  knife  edge,  (7.  13) 
figure  7.  1,  and  (Ul.  30). 

Component  of  phase  lag  due  to  diffraction  over  an  isolated  perfectly-conducting 
rounded  obstacle,  (7.  13)  figure  7,  5  and  (Ol.  30) . 

The  component  of  the  phase  lag  of  the  diffracted  field  over  an  Isolated  perfectly- 
conducting  rounded  obstacle  for  v=0,  (7.  1 3)  figure  7.  4  and  (HI,  30) . 

The  phase  lag  of  the  diffracted  field  for  the  ray  over  an  Isolated  perfectly- 

conducting  rounded  obstacle  (Ul.  30a),  'where  j  =  1,  2,  3,  4  . 

The  phase  lag  of  the  diffracted  ray  over  an  isolated  rounded  obstacle  for  the  j**1 

ray,  «  (v,  p)  *  *  .  (Ul.  30). 

J  J  ^ 

The  phase  lag  over  an  Ideal  knife  edge  for  the  J  ray,  (111,30), 

j  The  phase  lag  ®^(v,  p)  for  values  of  j  =  1,  2,  3,  4,  (111.32). 

The  angle  between  the  plane  of  the  lower  half-power  point  of  an  antenna  beam 

and  the  receiver  or  transmitter  horizon  plane,  (U1.60). 

The  angle  4^  or  4<t  for  the  1^  lobe  of  an  antenna  pattern,  (III.  59). 

Angle  of  reflection  at  the  ground  of  a  reflected  ray  that  passe*  over  a  knife- 

edge,  (Ill.  36)  figure  111.9. 
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The  half-power  beamwldth,  11=  26,  (9.  10)  and  figure  TU.22. 

,  li  ,  u  Half-power  boaniwidtha  corresponding  to  26  ,  26.  for  the  receiving  and 

ro  rl  to  tl  e  o  1 

tranamltting  antenna  pattern*,  respectively,  figure  111.22. 
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Annex  IV 

FORWARD  SCATTER 
IV. 1  General  Discussion 

This  annex  discusses  some  of  the  similarities  and  differences  between  forward  scatter 
from  refractive  index  turbulence  and  forward  scatter  or  incoherent  reflections  from  tropo¬ 
spheric  layers. 

To  scatter  Is  tc  spread  at  random  over  a  surface  or  through  a  space  or  substance. 
Scattering  which  tends  to  be  coherent  is  more  properly  called  forward  scatter,  reflection, 
refraction,  focusing,  diffraction,  or  all  of  these,  depending  on  the  circumstances.  Modes  of 
scattering  as  well  as  mechanisms  of  propagation  bear  these  names.  For  example,  we  may 
speak,  of  the  reflection,  refraction,  diffraction,  focusing,  scattering,  and  absorption  of  a  radio 
wave  by  a  single  spherical  hailstone,  and  all  of  these  modes  can  be  identified  in  the  formal 
solutions  of  Maxwell's  equations  for  this  problem. 

The  large  volume  of  beyond-the -horizon  radio  transmission  loss  data  available  in  the 
frequency  range  40  to  4000  MHz  and  corresponding  to  scattering  angles  between  one  and  three 
degrees  indicates  that  the  ratio  10  A  corresponding  to  the  transmission  loss,  A,  rela¬ 
tive  to  free  space  is  approximately  proportional  to  the  wavelength,  or  inversely  propor¬ 
tional  to  the  radio  frequency,  f,  [Norton,  I960],  so  that  the  ratio  10  Lb^  1°  corre8p0ncJing 
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to  the  forward  scatter  basic  transmission  loss  is  approximately  proportional  to  X.  or  to  f 
This  circumstance  is  more  readily  explained  in  terms  -f  forward  scatter  from  layers  [Friis, 
Crawford,  and  Hogg,  1957]  or  in  terms  of  glancing  or  glinting  trom  brilliant  points  on  ran¬ 
domly  disposed  "feuiilets",  [duCastel,  Misme,  Spizzichino,  and  Voge,  1962],  than  in  terms 
of  forward  scatter  from  the  type  of  turbulence  characterized  by  the  modern  Obukhov- 
Kolmogorov  theory  (Obukhov,  1941,  1953;  Batchelor,  1947,  1953].  There  is  recent  evidence 
(  Norton  and  Barrows.  1964]  that  the  wavenumber  spectrum  of  refractivity  turbulence  in  a 
vertical  direction  has  the  same  form  as  the  more  adequately  studied  spectrum  of  variations 
ir.  space  in  a  horizontal  direction.  Some  mechanism  other  than  scatter  from  refractivity 
turbulence  must  be  dominant  most  of  the  time  to  explain  the  observed  transmission  loss 
values  over  a  majority  of  the  transhorizon  tropospheric  paths  for  which  data  are  available. 
Scattering  from  refractivity  turbulence  and  scattering  from  sharp  gradients  arc  mechanisms 
which  coexist  at  all  time^  in  any  large  scattering  volume.  Sharp  gradients  always  exist  some¬ 
where,  and  the  atmosphere  between  them  is  always  somewhat  turbulent.  Power  scattered 
by  these  mechanisms  is  occasionally  supplemented  by  diffraction,  specular  reflection  from 
strong  extended  layers,  and/or  ducting. 

A  tropospheric  duct  exists,  either  ground-based  or  elevated,  if  a  substantial  amount 
of  energy  is  focused  toward  or  defocueed  away  from  a  receiver  as  super  -  refrac  tive  gradients 
of  N  exceed  a  critical  value  called  a  "ducting  gradient."  This  gradient  is  about  -157  N-units 
per  kilometer  at  sea  level  for  horizontally  launched  radio  waves.  The  duct  thickness  must 
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horizontal  gradient*  commonly  observed,  The  forward  scatter  theory  used  to  develop  the 
prcdic tier,  methods  of  section  9  assumes  that  only  vertical  scales  of  turbulence  or  layer 
thicknesses  are  important.  The  radio  wave  scattered  forward  by  all  the  scattering  sub- 
volumes  visible  to  both  antennas  or  by  all  the  layers  of  feuillets  visible  to  both  antennas  is 
most  affected  by  a  particular  range  of  "eddy  sizes",  f  ,  or  by  layers  of  an  average  thick¬ 
ness  1  /  2  .  A  stack  of  eddies  of  size  I  must  satisfy  the  Bragg  condition  that  reradiation  hv 
adjacent  eddies  shall  add  in  phase.  Reflections  from  the  exterior  and  interior  boundaries 
of  a  layer  will  add  in  phase  if  the  ray  traver  sing  the  interior  of  the  layer  is  an  odd  number 
of  wavelengths  longer  than  the  ray  reflected  from  the  exterior  boundary.  Either  the  mech¬ 
anism  of  forward  scatter  from  refractivity  turbulence  or  the  mechanism  of  reflection  from 
layers  or  feuillets  selects  a  wavenumber  direction  k  that  satisfies  the  specular  reflection 
condition  corresponding  to  Snell's  law  that  angles  of  incidence  and  reflection,  y  .  are  equal. 
Mathematically,  these  conditions  are  represented  by  the  following  relatione: 


2  sin (0/2)  ~  8  * 


ft  +  ft 

t  =  — 2 - 


(IV.  1) 


wheic  K  and  R  are  unit  vectors  from  the  centers  of  radiation  of  th .  *ransmitting  and  re 
o 

reiving  antenna,  respectively,  towards  an  elementary  scattering  volume,  or  towards  the 
point  ot  geometrical  reflection  from  a  layer.  The  angle  between  R  and  is  the  scat¬ 

tering  angle  0  illustrated  in  figure  IV - 1  and  is  thus  twice  the  grazing  angle  +  for  reflec¬ 
tion  from  a  layer: 


e  =  cos  *  ( -  R  •  ft  )  radians 

o 


(IV.  2) 


The  plane  wave  Fresnel  reflection  coefficient  q^  for  an  infinitely  extended  plane 
boundary  between  homogeneous  media  with  refractive  indices  n^  and  and  for  horizon¬ 


tal  polarization  (  Wait,  1962]  is 


sic  ^ 


qo=  - 


[  *  n2^  +  (“i  *  n2 )*"  +  ] 


jfn+  +  |  2{tj  -  n^)  +  (Oj  -  +sic^  + 


(IV.  3) 


The  following  approximation,  valid  lor  (n^  -  n^)  ^  <  oin^+<<  1  is  also  good  for  vertical 

polar  izu  tion: 


qo  - 


n ^  -  n 


2  1  T  7  ? 

— 2 - exp  i  .  (n  .  n  )  1(2  <|»  )  1 

2  9/  L  *  * 


°2  *  D1  2(n?  “ 


(IV.  9) 


2  + 
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A  differential  amplituac  i  ef’ectrou  coefficient  dq  for  a  tropospheric  layer  is  rest 

defined  as  proportional  to  the  difference  between  two  gradients  of  ref  ."active  index,  m  and 

m  ,  where  m  is  the  average  refractive  index  gradient  dn/dz  acro89  t/u-  l*  yer,  and  m 
u  u 

is  the  average  refractive  lnde:<  gradient  for  the  region  in.  which  the  layer  is  embedded.  Let 
the  layer  extend  in  depth  from  z  -  0  to  z  =  in  the  wavenumber  direction  *  defined  by 
(tV.  1 ; ,  and  write  the  differential  reflection  coefficient  as 

dq  =  dz(m  -  m  •  (XV,  5) 

o 

A  phajor  exp  [  •  i  z  (4n^  /X)  ]  is  associated  with  dq  ,  and  the  powei  r of lec  tion  c.  ocffic  ient 
fur  a  troposphexic  layer  of  thickness  z  is  approximated  as 

L 

=  (4n)2  )}  v*6  M  (IV.  6a) 


2 

q  = 


dq  exp  [-i  z(1tt <j/ X)  ] 


M  -  (m  -  1 1  -  cod  (-in  >\i  z ^/\)]  I  (4-n)  •  (IV .  6b) 

> 

if  M  is  assumed  c onti.vuou s  at  z  =  0  and  z  =  z  ,  somewhat  smaller  values  of  q“  and  m 

o 

w.'.l  result  [Wait,  1962], 

Friis,  Crawford,  and  Hogg  {  1957]  point  out  that  the  power  received  by  reflection 
from  a  finite  layer  can  be  approximated  as  the  ditfracted  power  through  an  absorbing  screen 
th  the  dimensions  c(  the  layer  projection  normal  to  the  direction  of  propagation.  They 
iicn  consider  lavers  of  large,  small,  and  medium  size  compared  to 

U 

Zx  =  2(XRoR/d)  ,  d  S  Ro  +  R  (1V.  7) 


wl-.cli  i .«  the  width  of  a  first  Fresnel  zone.  Fcl  b  represent  the  dimensions  ot  j  layer  or 
'e  iiliel  in  any  direction  pel  pendicular  to  x  .  Since  k  is  usually  nearly  wrtical,  b  is 
usually  i  hoi  izcntal  dimension.  Adopting  a  notation  which  conforms  to  that  used  elsewhere 
in  Hus  ropni  t,  the  available  power  at  a  receiver  at  a  distance  d  from  a  transmitting 

.,il;  an.,  .adiating  v/atts  is 
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2  2 

*  q  2  ? 

[c.  («)  i  S  V") 


]  (C2(v)  +  S 2 ( v )  ] 


(4*r  o) 


(IV.  h) 


ii,  terms  A  Irane!  lnt'g' als  gi.cn  ,»■  ,  111.  .it,  *.‘uere 


u  b\  r  '  „  ,  v  -  b  -u  ,~T'x 


I  - 


and  gt  and  gy  are  antenna  directive  gains.  For  large  u  and  v. 

C2(u)  =  S2{u)  =  C2(v)  =  S2(v)  =  »4  , 

and  for  email  u  and  v,  C2(u)  =  u2,  C2(v)  =  v2  ,  and  S2(u)  =  S2(v)  =  0  . 


For  large  layers,  where  b  >  >  2x 


4  .  ~6  ,-2 


=  wt8tgr^  4<  d  M  * 


For  intermediate  layers,  where  b  Six: 


w  =  w  g  g  X.  v  4  (RR  d]  ^  b2  M 
a  t  t  r  o 


.For  small  layers,  where  b  <  <  2x  : 


w  =  w 

a 


2  -4  „  .-2.4 


tgtgr^-  4-  (RRo)  b  M 


(IV.  10a) 


(IV.  10  b) 


(IV.  lOt) 


Forward  scatter  from  layers  depends  on  the  statistics  of  sharp  refractive  index 

gradients  in  the  directions  k  defined  by  (IV.  1).  The  determination  of  these  statistics  from 

radio  and  meteor  •jical  measurements  is  only  gradually  becoming  practical.  A  study  of 

2  4 

likely  statistical  averages  of  the  meteorological  parameters  M,  b  M.  and  b  M  indicates 
that  these  expected  values  should  depend  only  slightly  on  the  wavelength  \  and  the  grazing 
angle  c(i ,  as  was  assumed  by  Friis,  et  al.[  1957].  The  expected  value  of 

[1  -  cos  (4ir  s'  z  I  X)  j 

can  vary  only  between  0  and  2  and  is  not  likely  to  be  either  0  or  2  for  any  reasonable 

assumptions  about  the  statistics  of  z  . 

o 

Available  long-term  median  radio  transmission  loss  data  usually  show  the  frequency 
law  given  ny  (IV,  10b)  for  medium-size  layers.  Long-term  cumulative  distributions  of  short¬ 
term  available  power  ratios  on  spaced  frequencies  rarely  show  a  wavelength  law  outside  the 
2  4 

range  from  X  to  X  ^Crawfoid,  Hogg,  and  Rummer,  1959,  Norion  I960],  An  un- 
reported  analysis  of  8978  hours  of  matched  simultaneous  recordings  at  1  59.5,  599,  and 
2120  MHz  over  a  310-km  path  tn  Japan  shows  that  this  wavelength  exponent  for  transmission 
loss  w  /w^  is  witiun  the  range  from  /  to  4  ninety-eight  percent  of  the  time.  This  cor¬ 
responds  to  a  wavelength  exponent  range  from  0  to  2  or  a  frequency  exponent  range  from 

2  A 

0  to  -2  for  attenuation  relative  to  tree  space  values,  and  to  corresponding  ranges  X  to  X 
-  2  -4 

or  f  to  f  for  values  ol  basic  transmission  loss,  L.  . 

b 
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Figures  IV  .  1(a)  and  IV.  1(b)  illustrate  loiwurd  scattering  from  a  single  small  lav >-r 
and.  troni  rra activity  turbulence  in  a  single  small  scattering  subvoUime  at  tin'  volutin-  V  at 
space  visible  to  two  antennas.  Figures  IV.  1(c)  and  IV.  1(d)  illustrate  models  far  tin-  addition 
at  power  contributions  from  large  parallel  layers,  and  from  scattering  or  rt  iln  lion  sub- 
volumes,  respectively.  Contributions  from  diifraction  or  ducting  are  ignored,  as  well  ns 
returns  from  well-developed  layer3  for  which  a  geometrical  reflection  point  is  not  visible  to 
both  antennas.  Combinations  of  these  mechanisms,  though  sometime*  important,  are  also 
not  considered  here. 

For  each  of  the  cases  shown  in  figure  IV.  i,  coherently  scattered  or  reflected  power 
w  from  the  neighborhood  of  a  point  R^.  is  conveniently  associated  with  a  scattering  uub- 
volumc-  d^R  =  dv  =  v.(R  .),  SO  that  the  total  available  forward  scattered  power  at  a  receiver 


N  N 

v  v 

w  .  Y  w  .  a  Y  v,  w  .  S  C  d3R  W(R  ,R)  watts 
a  ai  (_j  t  vi  \  o  v  o 

i=l  i=l  V 


(IV.  11) 


who  re 


w  .  =  w  .  /v.  =  w  (R 
vi  at  i  v'  c 


R) 


(IV.  U) 


is  the  available  power  per  unit  scattering  volume  for  the  i  scattering  subvolume,  feuillet, 
or  layer,  and  it  is  assumed  that  only  such  contributions  to  w  are  important. 

Each  of  the  power  contributions  w  is  governed  by  the  bistatic  radar  equation.  Omit 

al 

ling  the  subscript  i,  this  equation  may  be  written  as 


v/  - 

a 


(  Wt«t 

V 


4  w  R 


(IV.  1  i) 


\v  here  a  C 

s 


a  c  a  t  te  r  c  r  s , 


is  the  effective  scattering  cross-section  of  a  single  scattercr  or  group  of 
including  the  polarization  efficiency  c  of  the  power  transfer  fror:  transmitter 


H 

lo  receiver.  The  first  set  of  parentheses  in  (IV.  13)  represents  the  field  strength  in  uatts 
per  square  kilometer  at  the  point  H  ,  the  second  factor  enclosed  in  parentheses  shows  what 
fraction  oJ  this  field  strength  ih  available  at  the  receiver,  and  / ( 4 r» >  is  the  absorbing 

area  of  the  receiving  antenna. 

The*  key  to  an  understanding  of  scattering  from  spacecraft,  aire  rail,  rain,  snow, 

r«*fractivity  tar  bulenc*?,  or  inhornogeneitie  s  such  as  layers  or  feuillets  is  the  sc.. tiering  i  ross- 

-■  *  t  ■  c  ( i  * » i ,  a  c  defined  b,  (IV.  13)  or  the  corrt  <?poriding  scattering  c  r  os  s  -  se<- tion  |,.  r  unit 

a  p 

vo  I  uni.-  a  ,  defined  from  (IV.  12)  and  (IV.  13)  as 


IV  -C 


(IV.  14) 


3  2,  2 

•■'v  =  (*")  (R0R)  wv/(vtgt8r  X  )  per  km* 

This  qnnntitv  it  usually  estimated  by  isolating  a  small  vo'imir  >>l  H.  altri  i-r»  in  free 
Sji.u  o  at  large  vector  distances  R^  and  li,  respectively,  from  the  transmitter  and  receiver. 

If  both  antennas  are  at  the  same  place,  (IV.  13)  becomes  the  monostatic  radar  equation,  cor¬ 
responding  to  backscatter  instead  of  to  forward  scatter. 

The  scattering  cross-sections  per  unit  volume  for  large,  medium,  and  small  layers, 
assuming  a  density  of  N  layers  per  unit  volume,  may  be  obtained  by  substituting  (IV.  10a)  to 
(IV.  10c)  in  (IV.  14): 

For  large  layers,  where  b  >>2x: 

a  =x‘V6MNi  =12^(R  R/d)2MN  '  (IV.  15) 

vl  f  of 

For  intermediate  layers,  where  b  =  2  x  : 

a  =  x2  vjT4  bZ  M  N,  =X4-‘4(R  R/d)b2MN,  •  (IV  16) 

vi  f  o  f 

For  small  layers,  where  b  <  <  2x  : 

a  =  i|/"4  M  N.  =\°*'4b2MN  ,•  (IV.  17) 

vs  i  l 

.  he  modern  Obukhov-Kolmogorov  theory  of  homogeneous  turbulence  in  a  horizontal 

direction,  when  extended  to  apply  to  the  wavenumber  spectrum  of  instantaneous  variations 

of  refractive  index  in  a  vertical  direction,  predicts  a  X  ^  or  f^  law  for  the  variation  with 

wavelength  X  or  carrier  frequency  f  of  either  a  or  attenuation  relative  to  free  space,  or 

a  ^  or  f  ^  law  for  variations  of  the  transmission  loss  w  / w  .  Theoretical  studies  of 

a  t 

multiple  scattering  by  Beckmann  [  1961a],  Bugnolo  (  1958],  Vysokovskii  (  1957,  1958],  and  others 
suggest  that  single  scattering  adequately  explains  observed  phenomena.  Descriptions  of  at¬ 
mospheric  turbulence  are  given  by  Batchelor  (  1947,  1953],  de  Jager  [  1952],  Heisenberg 
[1948],  Kolrnogoroff  [  1 94 1]  ,  Merkulov[  1957],  Norton  [i960],  Obukhov  (  1941,  19  53].  Rice 
c  -.d  I  It  i  bs  treit  [  1 964] .  Sutton  [  1955] ,  Tay  lor  [  1 922  ] ,  a  1  Wheel  on  [  1 9  57,  1 9  59  ] . 

The  observed  wavelength  exponent  for  the  Japanese  transmission  loss  data  previously 
noted  was  below  5/3  lees  than  two  tenths  of  one  percent  of  the  time,  and  an  examination  of 
other  data  also  leads  to  the  conclusion  that  forward  scatter  from  Obuxhov -Kolmogorov  turbu¬ 
lence  can  rareiy  explain  what  is  observed  with  frequencies  from  40  to  4000  MHz  arid  scat¬ 
tering  angies  from  one  to  three  degrees. 
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K. .  i- ly  recognition  of  Ihiu  fact  by  Norton,  Rice,  and  Vogler  [  1955  J  led  to  the  propcfial 
of  a  mathematical  form  lor  the  vertical  wavenumber  specu  urn  which  would  achieve  agreement 
between  radio  data  and  the  theory  of  forward  scatter  from  refractivity  turbulence  [Norton, 
I960  ].  Radio  data  were  used  to  determine  the  following  empirical  form  for  a^,  upon  which 
the  predictions  ol  section  9  are  based; 

av  =  X.  +"5  M  (IV. 18) 

M  =  3  <(An)2>/(32  |2)  (IV.  19) 

where 

An  =  n  -  <  An  >  (IV.  20) 


is  the  deviation  of  refractive  index  from  its  expected  value  <An>,  and  is  a  "scale  of 

turbulence"  [Rice  and  Herbstreit,  1964] 

Values  of  the  variance  <(Ah)2  >  of  ref  -activity  fluctuations  and  scales  ol  turbulence 

i  obtained  from  meteorological  data  lead  to  good  agreement  between  (IV.  18)  and  radio 

o 

data  when  an  exponential  dependence  of  M  on  height  is  assumed,  substituting  the  corre¬ 
sponding  value  of  w^  in  (IV.  11).  It  is  not  yet  clear  how  the  estimates  of  m,  m  ,  z  ,  b, 
and  N  required  by  the  theory  of  forward  scatter  from  layers  of  a  given  type  can  be 
obtained  from  direct  meteorological  measurements,  nor  how  these  parameters  will  vary 
throughout  the  large  volume  of  space  visible  to  both  antennas  over  a  long  scatter  path.  It 
does  seem  clear  that  this  needs  to  be  done. 

Data  from  elevated  narrow-beam  antennas  that  avoid  pome  of  the  complex  phenomena 
due  to  reflection  and  diffraction  by  terrain,  and  which  select  small  scattering  volumes,  sug¬ 
gest  lh.il  for  scattering  angles  exceeding  ten  degrees,  reflections  from  large  layers  car. 
hardly  lx-  dominant  over  reflection  from  intermediate  and  small  layers  or  from  refractivity 
turbulence.  Preliminary  results  indicate  that  field  strengths  decrease  more  slowly  at  a 

fixed  distance  and  with  scattering  angles  0  increasing  up  to  fifteen  degrees  than  would  be  poa- 
-  6 

Bible  wilh  the  0  dependence  of  a_  given  by  (IV.  15)  added  to  a  probable  exponential  decay 
with  height  of  the  expected  value  of  the  meteorological  parameter  MN(  for  large  layers- 

The  wavelength  and  angle  dependence  of  forward  scatter  characterized  by  the  Obukhov- 
Isolmoycrov  turbulence  theory  is  neoi  l)  the  same  as  that  for  small  layers,  given  by  (IV.  1  ?)  . 
Fur  scattering  from  refractivity  turbulence; 


a 

vo 


=  X 


-1/3 


11/3 


M 

o 


(IV.  2  1) 


M  = 
o 


T(ll/6)  <  (An)2  > 
4{2’t)13//3  r(l/3)  i  2/3 

O 


(IV.  22) 
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Although  most  of  the  propagation  paths  which  have  been  studied  rarely  show  this  frequency 
dependence ,  some  occasionally  do  agree  with  (IV. 21).  In  general,  the  radiowave  scattering 
cross -section  per  unit  volume  a^  is  a  weighted  average  of  scattering  from  all  kinds  ol 
layers  or  leuillets  and  the  turbulence  between  them 
Summarizing  the  argument: 


a 

v 


a  +  a  +  a  +  a 
vo  vi  V2  vJ 


X^'5  M 


(IV.  23) 


-4  -2 

for  10  <  X  <  10  km,  0.01  <  ^  <  0.03  radians,  where  M  has  been  determined  from 

radio  data,  subject  to  the  assumption  that  M  decreases  exponentially  with  height  above  the 
earth's  surface.  Equation  (IV. 23)  is  intended  to  indicate  the  present  state  of  the  twin  arts  of 
lormulating  theories  of  tropospheric  forward  scatter  and  comparing  these  theories  with  avail¬ 
able  long-term  median  transmission  loss  data.  A  great  deal  of  available  data  is  not  forward 
scatter  data,  and  it  is  for  this  reason  that  estimates  of  long-term  variability  as  given  in 
section  10  and  annex  III  are  almost  entirely  empirical. 

Al3o,  for  this  reason,  estimates  of  L  as  given  in  section  9  are  restricted  to  long- 

8P 

term  median  forward  scatter  transmission  loss.  Available  measurements  of  differences  in 
p.i  1 1 1  mu. -mi. i  gain  agree  willun  the  limits  of  experimental  error  with  the  values  predicted  by 
i ll(-  method  <d  net  limi  ')  whenever  tlu  domin.uil  propagation  mechanism  is  forward  scatter. 
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IV.  3  Ll«t  of  Special  Symbol*  Used  in  Annex  IV 
Hadlowavc  scattering  cross-sec  tlon  of  a  tingle  acatterer  or  group  of  scatterera, 
(IV.  13). 

a  Radiowave  acatterlng  croaa-aectlon  per  unit  volume,  (IV.  14). 

a  Radiowave  acatterlng  croaa-aectlon  from  refractlvlty  turbulence,  (IV.  21). 

VO 

a  ,  a  ,a  Radiowave  acatterlng  croaa-acctlon*  per  unit  volume  for  large,  medium,  and 
vi  v i  v» 

email  layers,  (IV. 15)  to  (IV.  17). 

b  The  dlmention*  of  an  atmoapherlc  layer  or  feulllet  In  any  direction  perpendicul¬ 

ar  to  k,  (IV.  9). 

c  Polarisation  efficiency  of  the  power  tranafer  from  tranamltter  to  receiver, 

P 

(IV.  13). 

C(u),  C(v)  Freanel  coalne  Integral*,  (IV. 8). 

/  A  range  of  eddy  alzea  or  layer*,  the  radio  wave  acattered  forward  la  moat  af¬ 

fected  by  a  particular  range  of  "eddy  alzea,  "  f  ,  or  by  layer*  of  an  average 
thickness  i/2,  that  are  visible  to  both  antenna*,  (IV.  1). 

i  Scale  of  turbulence,  (IV.  19). 

o 

m  Average  refractive  Index  gradient,  dn/dz,  across  a  layer,  (IV.  5). 

m  Average  refractive  Index  gradient  for  the  region  in  which  a  layer  la  Imbedded, 

o 

(IV.  5). 

z 

M  A  term  defined  by  (IV.  6)  uaed  In  the  power  reflection  coefficient  q  , 

M  A  term  defined  by  (IV.  22)  uaed  In  defining  a  ,  the  acatterlng  crosa-aectlon 

o  vo 

from  refractlvlty  turbulence. 

n  ,  n  Refractive  indices  of  adjacent  layers  of  homogeneoua  media,  (IV.  3). 

The  number  of  layer*  per  unit  volume  of  a  acatterlng  croaa-section,  (IV.  15) 
to  (IV.  17). 

N  The  number  of  acatterlng  subvolume*  that  make  an  appreciable  contribution 

to  the  total  available  power,  (IV.  11). 

q  The  power  reflection  coefficient,  q^  ,  for  a  tropospheric  layer  is  approxi¬ 

mated  by  (IV .  6) . 

q  The  plane  wave  Fresnel  reflection  coefficient  for  an  Infinitely  extended  piane 

boundary,  (IV.  3), 

R,  K  Vector  distance*  irorr.  transmitter  and  receiver,  respectively,  to  a  point  R  . 

o  o 

R,  R^  Unit  vectors  from  the  centers  of  radiation  of  the  receiving  and  transmitting 

antennas,  respectively,  (IV.  1). 

R  A  point  from  which  power  Is  coherently  scattered  or  reflected,  (IV.  11). 

Z[  u),  S(.,  r.-ei..:!  ~  ’"tegrals,  (IV. 8). 

u  A  parameter  defined  by  (IV.  9). 

v  A  parameter  defined  by  (IV.  9). 

v  The  1*^  scattering  aubvolume,  (IV.  11). 
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w 

V 


w 


Vi 


X 

z 

z 

o 

An 

<  4n> 
<(An)2> 

K 

4- 


Available  power  per  unit  scattering  volume,  (IV.  11). 

Available  power  per  unit  scattering  volume  for  the  i1*1  scattering  subvolume, 
(IV.  12) 

Half  the  width  of  a  first  Fresnel  zone,  (IV.  7). 

Thickness  of  a  tropospheric  layer,  (IV.  6). 

The  thickness  of  a  tropospheric  layer,  (IV.  6). 

The  deviation  of  refractive  index  from  its  expected  value,  (IV.  20). 

The  expected  value  of  refractive  index,  (IV.  20). 

The  variance  of  fluctuations  in  refractive  index,  (IV.  19). 

A  wave  number  direction  defined  by  (IV.  1). 

The  grating  angle  for  reflection  from  a  layer,  (IV.  2). 
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Annex  V 


PHASE  INTERFERENCE  FADING  AND  SERVICE  PROBABILITY 

As  a  general  rule,  adequate  service  over  a  radio  path  requires  protection  against  noise 
when  propagation  conditions  are  poor,  and  requires  protection  against  interference  from 
cochannel  or  adjacent  channel  signals  when  propagation  conditions  are  good.  Optimum  use 
of  the  radio  spectrum  requires  systems  so  designed  that  the  reception  of  wanted  signals  i6 
protected  to  the  greatest  degree  practicable  from  interference  by  unwanted  radio  signals  and 
by  noise . 

The  short-term  fading  of  the  instantaneous  received  power  within  periods  of  time 
ranging  from  a  few  minuteB  up  to  one  hour  or  more  is  largely  associated  with  random  fluctu¬ 
ations  in  the  relative  phasing  between  component  waves.  These  waves  arrive  at  the  receiving 
antenna  after  propagation  via  a  multiplicity  of  propagation  paths  having  electrical  lengths  that 
vary  from  second  to  second  and  from  minute  to  minute  over  a  range  of  a  few  wavelenths.  A 
email  part  of  this  short-teiyn  fading  and  usually  all  of  the  long-term  variations  arise  from 
minute -to-minute  changes  in  the  root-sum-square  value  of  the  amplitudes  of  the  component 
waves,  i.e.  ,  in  short-term  changes  in  the  mean  power  available  from  the  receiving  antenna 
In  the  analysis  of  short-term  fading,  it  is  convenient  to  consider  the  effects  of  these  phase 
and  root -sum-square  amplitude  changes  as  being  two  separate  components  of  the  instantaneous 
fading.  Multipath  or  "phase  interference  fading"  among  simultaneously  occurring  modes 
of  propagation  usually  determines  the  statistical  character  of  short-term  variability. 

Over  most  transhorieon  paths,  long-term  variability  is  dominated  by  "power  fading", 
due  to  slow  changes  in  average  atmospheric  refraction,  in  the  intensity  of  retractive  index 
turbulence,  or  in  the  degree  of  atmospheric  stratification.  The  distinction  between  phase 
interference  fading  and  power  fad'ng  is  somewhat  arbitrary,  but  is  nevertheless  extremely 
useful.  Economic  considerations,  as  contrasted  to  the  requirements  for  spectrum  conserva¬ 
tion,  indicate  that  radio  receiving  systems  should  be  designed  so  that  the  minimum  practicable 
transmitter  power  ie  required  for  satisfactory  reception  of  wanted  signals  in  the  presence 
of  noise.  Fading  expected  within  an  hour  or  other  convenient  "short"  period  of  time  is 

allowec  for  by  comparing  the  median  wanted  signal  power  w  available  at  the  receiver  with 

m 

the  median  wanted  signal  power  wmr  which  is  required  for  satisfactory  reception  in  the 
presence  of  noise  This  operating  seneitivity  w  mr  assumes  a  specified  type  of  fading 
signal  and  a  specified  type  of  noise,  but  does  not  allow  for  other  unwanted  bignals. 

In  the  presence  of  a  specified  unwanted  signal,  but  in  the  absence  of  other  unwanted 
Signals  or  appreciable  noise,  the  fidelity  of  information  delivered  to  a  receiver  output  will 
increase  as  the  ratio  r^  of  wanted -lo-unwanted  signal  power  increases.  The  degree  of 
fidelity  of  the  received  information  may  be  measured  in  various  ways  For  example,  voice 
signals  are  often  measured  in  terms  of  their  intelligibility,  television  pictures  by  subjective 
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observation,  and  teletype  signals  by  the  percentage  cf  cor  re-  t  i  y  interpreted  received  charac¬ 
ters,  A  specified  grade  of  service  provided  by  a  given  wanted  signal  will  guarantee  a 
corresponding  degree  of  fidelity  of  the  information  delivered  to  the  receiver  output.  For 
example,  a  Grade  A  teletype  service  could  be  defined  ao  one  providing  99  99  percent 
error-free  characters,  while  a  Grade  B  service  could  be  defined  as  one  providing  99  9  per¬ 
cent  error-free  characters. 

The  protection  ratio  r  required  for  a  given  grade  of  service  will  depend  upon  the 

nature  of  the  wanted  and  unwanted  signals;  i  e  ,  their  degree  of  modulation,  their  location 

In  the  spectrum  relative  to  the  principal  and  spurious  response  bands  of  the  receiving  system, 

a. id  their  phase  interference  fading  characteristics  The  use  of  receiving  systems  having 

the  smallest  values  of  r  for  the  hinds  of  unwanted  signals  likely  to  be  encountered  will 

ur 

permit  the  same  portions  of  the  spectrum  to  be  used  simultaneously  by  the  maximum  number 

of  users  For  instance,  FM  with  feedback  achieves  a  reduction  in  r  for  a  cochannel 

ur 

unwanted  signal  by  occupying  a  larger  portion  of  the  spectrum.  But  optimum  use  of  the  spec¬ 
trum  requires  a  careful  balance  between  reductions  in  r  on  the  same  channel  and  on 

ur 

adjacent  channels,  taking  account  ol  other  system  isolation  factors  such  as  separation  between 

channels,  geographical  sep., ration,  antenna  directivity,  and  cross -polarization 

Note  that  the  operating  sensitivity  v.  is  a  measure  of  the  required  magnitude  of 

the  median  wanted  signal  power  but  r  involves  o:i!y  the  ratio  of  wanted  to  unwanted  signal 

ur 

powers  For  optimum  use  of  the  spectrum  by  the  maximum  number  of  simultaneous  users, 
the  transmitting  and  receiving  systems  of  the  Individual  links  should  be  designed  with  the 
primary  objective  of  ensuring  that  the  various  values  of  r^  exceed  r  for  a  large  per¬ 
centage  of  the  time  during  the  intended  periods  of  operation  Then  Sufficiently  high  trans¬ 
mitter  powers  should  be  used  so  that  the  median  wanted  signal  power  w  exceeds  w 

e  r  m  m  r 

for  a  large  percentage  of  the  time  during  the  intended  period  of  reception  at  each  receiving 
location.  This  approach  to  frequency  assignment  problems  will  be  unrealistic  in  a  few  cases, 
such  as  the  cleared  channels  required  for  radio  astronomy,  but  thc6e  rare  exceptions  merely 
serve  to  test  the  otherwise  general  rule  [  Norton.  lu5>0.  1962  and  Norton  and  Fine  1949)  that 
optimum  use  of  the  spectrum  can  he  achieved  only  when  interference  from  other  signals  rather 
than  from  noise  provides  the  ineluctable  limit  to  satisfactory  reception. 

This  annex  discusses  the  requirements  for  service  of  a  given  grade  g,  how  to  esti¬ 
mate  the  expected  time-  availability  q  of  acceptable  service,  and,  finally,  how  to  calculate 
the  service  probability  Q  for  a  given  time  availability 


V.  1  Two  Components  of  Fading 

Both  the  wanted  and  the  unwanted  signal  power  available  to  a  receiving  system  will 

usually  vary  from  minute  to  minute  in  a  random  or  unpredictable  fashion.  It  is  convenient  to 

divide  the  "instantaneous  received  signal  power"  =  10  log  w^  into  two  or  three  addi!  . 

components  whero  w  is  defined  as  the  average  power  for  a  single  cycle  ol  the  r<v’,.;  1 1 ..-queue  v, 
*  2 
so  as  to  eliminate  the  variance  of  power  aesociated  with  the  time  factor  cos  (u-t): 


W  =  W  +  Y  =  W  (0.  5)  +  Y  +  Y  dbw  (V.l) 

w  m  tt  m  r 

W  is  tliat  component  of  W  which  is  not  affected  by  the  usually  rapid  phase  interference  lading 
m  «  * 

,i nd  :s  most  often  identified  as  the  short-term  median  of  the  available  pwer  V.'  at  too  receiving 

anu-nna .  W  (0,  5)  is  the  median  of  all  such  values  of  W  ,  and  is  rncst  of'en  ici.mtifi-u  as  the 
m  rr. 

long-term  median  ol  W  .  In  terms  of  the  long-term  medisn  transmission  loss  !  {•■) .  Vj  -cod  the 

total  power  \V  radiated  frctn  the  transmitting  antenna: 

W  (0 .  5)  =  W  -  L  <0.5)  dbw  'V  .) 

m  t  m 

Ihu  characteristics  of  long-term  fading  and  phase  inte vie  fence  fading,  respectively,  a/.e  de¬ 
scribed  :.n  terms  of  the  two  fading  components  Y  and  Y^  in  'V.  1): 

Y  =  W  -W  (0.5),  Y  =  W  -  V'  (V.V 

mm  r.  it  m 

The  long  term  for  which  the  median  power,  W^(0.  5),  is  defined  may  be  an  short  as 
hour  or  as  long  as  several  years  but  will,  it.  general,  consist  of  the  hours  within  a  speci¬ 
fied  period  of  time.  For  most  continuously  operating  services  it  is  convenient  to  consider 

(0.5)  as  the  median  power  over  a  long  period  ol  time,  including  all  hours  of  the  day  and 

m 

uji  seasons  of  the  year.  Observations  of  long-term  variability,  summarised  in  section  10 

in.. i  in  annex  III,  show  that  W  is  a  very  nearly  normally  distributed  random  variable 

m 

characterized  by  a  standard  deviation  that  may  range  from  one  decibel  wi.hm  ?.r  hour  up 
to  ten  decibels  for  periods  of  the  order  of  several  years.  These  iMluoy  v.  Btau fares  ■•iwiau.m 
..re  representative  only  of  typical  beyond-the -horizon  propagation  path?  end  very  ■■.  .deic  tor 
other  propagation  conditions. 

For  periods  as  short  as  an  hour,  the  variance  of  Y  is  generally  greater  than  th'- 

*  TT 

variance  oi  W  The  long-term  variability  ol  W  is  identified  in  section  I'.l  with  t!ie 
m  *  m 

variability  of  hourly  medians,  expressed  in  terms  of  Y  (q): 


Y(q)  =  W  (q)  -  W  (0.  5)  =  L  (0.  5)  -  L  (q)  <V. 

m  m  m  m 

where  W  (q)  is  the  hourly  median  signal  power  exceeded  for  a  fraction  q  of  all  hours,  and 
m 

L  (q)  is  the  corresponding  transmission  loss  not  exceeded  for  a  fraction  q  of  ail  hours, 
m 
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2  The  Nakagami-Rice  Distribution 
For  studies  oi  the  operating  sensitivity  w  of  a  receiver  in  the  presence  of  a 
rapidly  lading  wanted  signal,  and  for  studies  of  the  median  wanted  signal  to  unwanted  signal 
ratio  R  (g)  required  for  a  grade  g  service,  it  is  helpful  to  consider  a  particular  stat¬ 
istical  model  which  may  be  used  to  describe  phase  interference  fading.  Minoru  Nakagami 
[  1940]  describes  a  model  which  depends  upon  the  addition  of  a  constant  signal  and  a  Rayleigh- 
distributed  randor.i  signal  I  Rayleigh  1880;  Rice,  1945;  Norton,  Vogler,  Mansfield  and  Short, 
1955;  Bee  kmanr,  1961a,  l'/64].  In  this  model,  the  root-sum-square  value  of  the  amplitudes 
of  the  Rayleigh  components  is  K  decibels  relative  to  the  amplitude  of  the  constant  component, 
i.  -  +<»  corresponds  to  a  constant  received  signal.  For  a  Rayleigh  distribution,  K  =  -  «> 
and  the  probability  q  that  the  instantaneous  power,  w  ,  will  exceed  w^(q)  for  a  given  value 

of  the  short-term  median  power,  w  ,  may  be  expressed: 

m 

w  (q)  log  2 

q  [  w  >  w  (q)  |  v/  I  s  exp  [  -  -  ]  ,  [  K  =  -  ®  ]  (V.  6a) 

TT  IT  iTl  *  W 

m 

Alternatively,  the  above  may  be  expressed  in  the  following  forms: 


q  1  “  exp  (  -  yjq)  log  ^  ]  ,  [  K  =  -  ®] 


(V.  6b) 


Y^q)  =  5  21390  +  10  log  {log  (1/q) }  ,  [  K  =  -  ®] 


(V .  6c) 


Figures  V.  1-V,  3  and  table  V.  1  show  how  the  Nakagaml-Rlce  phase  Interference  fading 

distribution  Y  (q)  depends  on  q,  K,  and  the  average  7  and  standard  deviation  u  of  Y  . 

n  w  Y  w 

It  is  evident  from  figure  V.  1  that  the  dietrlbution  of  phase  interference  fading  depends  only  on 

K  .  The  utility  of  this  distribution  for  describing  phase  Interference  fading  in  ionospheric  propa¬ 
gation  is  discussed  in  CCIR  report  ]  1963k]  and  for  tropospheric  propagation  is  demonstrated  in 
papers  by  Norton,  Rice  and  Vogler  [  1955],  Janes  and  Wells  [  1955],  and  Norton,  Rice,  Janes 
and  Barsis  [  1955]  .  Bremmtr  [  1959)  and  Beckmann  [  1961a]  discuss  a  somewhat  more  general 
fading  model. 

for  within- the -horizon  tropospheric  paths,  including  either  short  point-to-point  ter¬ 
restrial  paths  ur  paths  irom  an  earth  station  to  a  satellite,  K  will  tend  to  have  a  large 
positive  throughout  the  day  for  all  seasons  of  the  year.  As  the  length  of  the  terrestrial 

jiivjpagd'ion  path  ib  increased, or  the  elevation  angle  of  a  satellite  is  decreased, so  that  the 
:  ;>:i  l-.ai  less  !r.m  first  Fresnel  zone  clearance,  the  expected  values  of  K  will  decrease 
nl,  :  sonic  hours  of  the  day,  K  will  be  less  n  zero  and  the  phase  interference 

fading  for  signal  ,.ro:>agafcd  over  the  path  at  nes  will  tend  to  be  closely  represented 


l.'v  a  Kayu-:g;.  dir  ribul'cu.  For  most  )cyo!ul-thc-hu  ucn  paihh  K  w.  ■  U- j  s  :hat;  jtei  n 

■  ■  i ■  •  C  c (  llii'  ;imr,  v  r  l.iuu'-c  ige  -.nilra*  t’.iu  pathr»  K  lien  umi  h  g  »t--i  it.  7.  ■  r  V.  ht. 

arrive  4  -  t It c  receiving  autimna  'ia  duc»s  *>r  elevated  layers,  I  in-  v  alue'  >1  K  m-  y 

re.vs*o*vi  valuer*  i.y.ich  g*  ■*-.-*  te  r  than  zero  cv«*:*.  for  t ra nshcrizou  propagation  ;id  ha.  1  o.  .1 

j.  .  un  heyom.  -  the  *hori/.on  path,  r\  will  tend  fu  be  ocsittvoly  correlated  will:  the  du 

po'va  .  ievel  #V  *  targe  values  01  K.  are  expected  with  large  values  of  W  }■  or 

m  m 

sortie  withr -the -hnrizc  paths,  K  and  W  lend  to  be  t.egalivi  ly  correlated. 

m 

It  is  as»'.omed  that  a  particular  value  of  K  may  be  associated  with  any  time  availab-  'ty 
q,  however,  nw  data  analyses  of  this  hind  are  p^escntl*,  cva.lalfle.  A  program  of  data 
;n  'ilyz.t1  1  s  clearly  desirable  U»  provide  empirical  estimates  c  t  K  versus  q  for  particular 
cln.mt*':' .  seasons,  tiuno^  of  hay,  lengths  of  recording,  f rcquenciujE ,  anci  propagation  path 
t.  hr  racto  rn  1..:  s .  U  should  be  noted  that  K  versus  q  \  xcrcssrs  an  aisurned  functional 
re  * ‘.it  10:  .:dnp. 


,\i.  anal  7  sis  o*.  data  to*:  J  f.  Ingle  uay'c  lecording  at  ?U*i6  VHz  over  a  364~kilum*-ter 

pw-li:  is  prv  it'd  hen*  to  iiiu6»rale  I.  e.v  a  rclat  ions.np  b  etwoen  K  and  q  may  be  established 

y  ,  i:r,  \  4  s  liovr.  ioj  a  single  day  the  observed  intvrd  .*citi  ra  ni?e  W  (0.  1/  -  \V  .  O', 

-  1  (u  1}  ) « > r  i-.id,  five  -minute  period  plotted  ag.-im’i  tie ■  me-uian  t runf>rr»iSb;ori  losu 

| ,  tor  (Is--  f  •  *  -ji.inite  oeritJ.  Figure  V.  1  .1  .*'■*;.»•)  ih;»  .»  *.  uiu«:  of  K  with  each  value  c-» 

m 

1  /a  1.  .  1  im  ,»•  \  r„.  •itniul.'ii  i  vo  /bfit  mb'i*  i  t*n  »*f  I  ay  aoc  lares  a  rime  a  v.iiln  hi 1  itv 

'll'  '  '  '  T?  ‘  II 

v.it'i.  1  v .  .j  ;ie  t»:  n  In  ligun.  V.4,  K  appears  t»>  i.KJfvn  with  increasing  lor 

i’.<  1 10  -■»  Ol’di*  -  i'fCl,  U*  lough  the  usual  tench  r.cy  jg  1  ion,;  periods  is  for  K  to  decrease 

v.iii,  L  ihL  oiiuight  ur.c  in  du*  li,,urn  is  dr  iwn  through  medians  for  the  periods 
.11 

00o  -  1700  unu  170C  -2400  hours,  wi«h  linear  scales  to:*  K  and  L^,  .is  shown  uy  tne 

ir.  ..:i  for  ijuur-.  V.4.  1  ru;  e  or  ;■«*  a  ponding  curve  o-  K.  versus  q  is  compared  with  tlu:  du  hi 


,1#  the  1 ! >  ■  ii.  figui  «• 

Figure  \‘  .  -j  s»i*»v.  s  iv-r  !  -  L  t.il/.  .mJ  jO-rr-.en  i  antenna  heights  over  a  smooth  e.irtn 
.1  j#(;ys!b1  :  esilfnati  of  Y  versus  distance  .t*.d  titnv  availability.  These  c/ude  and  quit*, 
hjii-i.  ui  v  i  v  *  .■  «.  slln.iiti  s  arc  given  u«.-e  on!)  to  provid'  the  erampie  ir.  the  lower  pan  ol 
;i,,u,  ,  ,  *J  b  si.ov.r,  i.o.v  aU^fi  1 1; !  o  i  c  t  i  a  i  i  o  f  i  v.ith  iV.t;  may  be  used  to  votum  '-uvr  Iy| 

*  . ,  i*-..  7  ,  i  h  e  solici  turves  in  the  lower  ,»••«  t  »l  ugur  t  N.  .  ‘j  s  ho  *  l.f»w  ,  _  -h) 

vii.p.s  >.  »ir.  .!i  U.-iiM-  !«/;  (|  “('.0001.  U.Oi.  0.5,  h .  *»V  and  0.9999,  v.  in-re  i  „  the 

I  j  :  s  ■  1  o  ^  ^  a  h  *i  fii.  ia  l»  C  wili.  if  it:  noUiiU.irwi.ri  yai-i  ,  *•  r  . 


Tlbl*  1  CharACie  r'l-.:  'c  s  01  .! 

Fli?se  Interference-  F'c  Ln^  D- 1 

y  _  >  Y^{q)  with  Probability  q 
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THE  NAKAGAMI-RiCE  PROBABILITY  DISTRIBUTION  OF  THE  INSTANTANEOUS  FADING 
ASSOCIATED  WITH  PHASE  INTERFERENCE 


K=  RATIO  IN  DECIPElS  BETWEEN  THE  STEADY  COMPONENT  OF 
The  RECEIVED  POWER  AND  THE  RAYLEIGH  FADING  COMPONENT 

Figur#  V.l 


THE  NAKACAMI-RICE  PROBABILITY  DISTRIBUTION  OF  THE  INSTANTANEOUS  FADING 
ASSOCIATED  WITH  PHASE  INTERFERENCE 
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K  =  RATIO  IN  DECIBELS  BETWEEN  THE  STEADY  COMPONENT  OF 
THE  RECEIVEO  POWER  AND  THE  RAYLEIGH  FADING  COMPONENT 

Figure  2.3 
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CHEYENNE  MOUNTAIN  ,  COLORADO  to  GARDEN  CITY,  KANSAS 
24  FEBRUARY  1953 
1046  MHz  d*  364  5  km 


Figur*  7.4 


8ELS  K  IN  DECIBELS 


TENTATIVE  ESTIMATE  OF  K  VERSUS  q  AND  d 


\ 

\  ' 

q=0.9\ 
y  P  99  \ 

V>9999\ 

t 

i 

\ 

1 

! 

\ 

i 

O.OOOI 


PATH  DISTANCE.  <j  ,  IN  KILOMETERS 


CUMULATIVE  DISTRIBUTIONS  OF  INSTANTANEOUS  TRANSMISSION  LOSS 
FREQUENCY  =  2  MHz  ,  hte  *hr<,  *  30  METERS 
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V.3  Noise  -  Limited  Service 


A  detailed  discussion  of  the  effective  noise  bandwidth,  the  oper«tmg  noise  factor,  and 

the  operating  sensitivity  of  a  receiving  system  is  presented  in  a  recent  report,  "Optimum  Use 

of  the  Radio  Frequency  Spectrum,  "  prepared  under  Resolution  1  of  the  CCIR  t  Geneva,  1963c]. 

The  median  value  of  the  total  noise  power  w  watts  in  a  bandwidth  b  cycles 

mn 

per  second  at  the  output  load  of  the  linear  portion  of  a  receiving  system  includes  external 
noise  accepted  by  the  antenna  as  well  as  noise  generated  within  the  receiving  system,  includ¬ 
ing  both  principal  and  spurious  responses  of  the  antenna  and  transmission  line  as  well  as  the 
receiver  itself.  This  total  noise  power  delivered  to  the  pre-detection  receiver  output  may  be 
referred  to  the  terminals  of  ati  equivalent  loss-free  antenna  (as  if  there  were  only  external 
11018 c  sources)  by  dividing  w  by  g^  ,  the  maximum  value  of  the  operating  gain  of  the  pre- 
doteclion  receiving  system. 

The  operating  noise  factor  of  the  pre-detection  receiving  system,  f  ,  may  be  ex- 

op 

pressed  as  the  ratio  of  the, "equivalent  available  noise  power"  w  / g  to  the  Johnson  noise 

mn  o 

power  kT  b  that  would  be  available  in  the  band  b  from  a  resistance  at  a  reference  absolute 

°  -23 

temperature  =  288.37  degrees  Kelvin,  where  k  =  1.38054 X  10  joules  per  degree  is 

Boltzmann's  constant: 


f 

op 


w  /g 
mn  o 

k  T  b 
o 


(V.  7) 


or  in  decibels  : 


Fops(Wmn-Go)  *  (B-  204)  db  ‘  tV  8) 

The  constant  204  in  (V.8)  is  -  10  log  (kT  )  , 

Note  that  the  available  power  from  the  antenna  as  defined  in  annex  II  has  the  desired 

property  of  being  independent  of  the  receiver  input  load  impedance,  making  this  concept 

especially  useful  for  the  definition  and  measurement  of  the  operating  noise  factor  f  as 

defined  under  CCIR  Resolution  1  (Geneva,  1963c  ]. 

At  frequencies  above  100  MHz,  where  receiver  noise  rather  than  external  noise 

usually  limits  reception,  i  is  essentially  independent  of  external  noise.  In  General,  f 

op  op 

is  proportional  to  the  total  noise  w  delivered  to  the  pre-detection  receiver  output  and  fao 

mn  r  r 

measures  the  degree  to  which  the  entire  system,  including  the  antenna,  is  able  to  discriminate 
a.ainst  both  external  noise  and  receiver  noise. 


Let  W  represent  the  median  available  wanted  signal  power  associated  with  phase 

m 

interference  fading  at  the  terminals  of  an  equivalent  loss-free  receiving  antenna,  and  let 

the  "operating  threshold"  W  (g)  represent  the  minimum  value  of  W  which  will  provide 

mr  m 

a  grade  g  service  in  the  presence  of  noise  alone.  The  operating  threshold  W  assumes 

mr 

a  specified  type  of  wanted  signal  and  a  specified  type  of  noise,  but  does  not  allow  for  other 
unwanted  signals.  Compared  to  the  total  range  of  their  long-term  variability,  it  is  assumed 

that  vV  and  W  (g)  are  hourly  median  values;  i.c.,  that  long-term  power  fading  is  negligible 

m  m  r  11  ~~ 

over  such  a  short  period  of  time.  Let  G  represent  the  hourly  median  operating  signal 

mi 

gain  of  a  pre-detection  receiving  system,  expressed  in  db  so  that  W  +  G  very  closely 

m  ms 

approximates  the  hourly  median  value  of  that  component  of  available  wanted  signal  power 
delivered  to  the  pre -detection  receiver  output  and  associated  with  phase  interference  fading. 
The  median  wanted  signal  to  median  noise  ratio  available  at  the  pre-detection  receiver 
output  is  then 


R  =  [  W  +  G  ]  -  W 
m  m  ms  mn 


db 


(V .  9a) 


and  the  minimum  value  of  which  will  provide  a  desired  grade  of  service  in  the  presence 

of  noise  alone  is 


R 

mr 


<g)  =  i  w 


mr 


(g)  +  G  J 

ms 


W  db  . 

mn 


(V.  9b) 
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V.  -S  interference- Limited  Service 

Separation  of  the  total  fading  into  a  phase  interference  component  and  the 

more  slowly  varying  component  Y  as  described  In  Section  V.  1  appears  to  be  desirable 
lor  several  reasons:  (1)  variations  of  Yn  associated  with  phase  interference  may  be 
expected  to  occur  completely  independently  for  the  wanted  and  unwanted  signals,  and 
this  facilitates  making  a  more  precise  determination  of  the  required  wantod-io-unwantcd 
signal  ratio,  R  (g).  (2)  the  random  variable  Y^  follows  the  Naka  garni -Rice  distri¬ 

bution,  as  illustrated  on  figure  V.  1,  while  variations  with  time  of  Y  are  approximately 
normally  distributed,  (3)  the  variations  with  time  of  the  median  wanted  and  unwanted 

Sienal  nowori  W  and  W  tend  to  be  correlated  for  most  wanted  and  unwa rted 
‘  b  r  m  um 

propagation  paths,  and  an  accurate  allowance  for  this  correlation  is  facilitated  by 
separating  the  instantaneous  fading  into  the  two  additive  components  Y  and  Y_  and 
(d)  most  of  the  contribution  to  the  variance  of  with  time  occurs  at  low  fluctuation 

frequencies  ranging  from  one  cycle  per  year  to  about  one  cycle  per  hour,  whereas  most 
of  the  contribution  to  the  variance  of  Yn  occurs  at  higher  fluctuation  frequencies, 
greater  than  one  cycle  per  hour.  Only  the  short-term  variations  of  the  wanted  signal 
power  w  and  the  unwanted  signal  power  w^  associated  with  phase  interference 

fading  are  used  in  determining  rur(g);  ‘he  ratio  oi  the  medi?n  wanted  s,&nal  Pow<  r 

W  to  the  median  unwanted  signal  power  w  required  to  provide  a  specified  grade 
m 

of  service  g.  Let  R  „  denote  the  ratio  between  the  instantaneous  wanted  signal 
power  W  +  Y  and  the  instantaneous  unwanted  signal  power  wum  +  YuT1- 

r  m  tt 


where 


W  ♦ 
m 


W 

um 


Y  _  r  R  +  Z 

uH  U  TT 


(V.  10) 


- 


Y  and  R  = 
uTT 


u 


w 

m 


W 

um 


(V.  11) 


Note  that  the  cumulative  distribution  function  y  fq,  K)  f°r  Y  will  usually  be  different  from 

n  tt 

the  cumulative  distribution  function  Y^q,  K^)  for  since  the  wanted  signal  propagation 

path  will  differ  from  the  propagation  path  for  the  unwanted  signal.  Let  i^(q,  K,  KJ 

with  probability  q;  then  the  approximate  cumulative  oistribution 


function  of  Z.  is  giver,  by: 

l 


Zna(q;  K.  Ku)  =  ±  \J  Yn2  (q,  K)  +  Y 2  ( 1  -  q,  KJ 


(V.  12) 


In  the  above,  the  plus  sign  is  lobe  used  when  q  <  0.5  and  the  minus  sign  when  q  ■  0.5;  note 

mat  -'/  (  1  -q,  K.  K  1  •-  Z  (q,  K.  K  )  .  This  method  of  approximation  is  suggested  by  two  ob- 

na  u  na  u 

nervations:  (1)  service  may  be  limited  for  a  fraction  q  of  a  short  period  of  time  either  by 
downfades  of  the  wanted  signal  corresponding  to  a  level  <  xceeded  with  a  probability  q  or  b, 


V-l  5 


u  ti 


1 1 ' 1 1  ■ ' ‘ *  s  "*  a”  auwan:..)  signal  c  or  responding  to  u  level  exceeded  with  a  probability  1-q,  and 
i-1  lli»-  standard  deviation  of  the  difference  of  two  uncorrcUted  random  variable*  Y„  and  Y 

er-ju.ils  the  square  ro,-t  of  the  sum  ol  their  variances,  and  under  fairly  eeneral  condmona  Z^iql 

<1  i  *  * 

is  very  nearly  equal  to  Y_.(q)  +  (1  -  q).  Equation  (V.  11)  is  ba*cd  on  the  reaaonable  as¬ 

sumption  that  Y_  ami  Y  are  independent  random  variables  and.  for  this  case,  (V.  11) 
would  be  exact  '.!  Y  ^  and  Y^,,  were  normally  distr  buted,  The  departure  from  normality  of 
the  distribution  of  Yn  16  greatest  in  the  limiting  case  of  a  Rayleigh  distribution,  and  for  this 
special  case,  the  following  exact  expression  is  available  [  Siddiqui,  1962]: 


2.^  (q,  jc,  oo)  =  10  log 


G-0 


(V.  13) 


Tabic  V.2  compares  the  above  exact  expression  Z^(q,  ®,  ®)  with  the  approximate  expres¬ 
sion  Zv  (q,  «,  )  Note  that  the  two  expressions  differ  by  less  than  0.2  dB  for  any  value  of 

q  .uni,  sinci'  l h i 3  difference,  may  be  expected  to  be  even  smaller  for  finite  values  of  K,  it 
appeavs  that  (V  li)  should  be  a  satisfactory  approximation  for  most  applications  and  for 
any  values  ol  K  and  q. 


Tabic  V.  2 

The  Cumulative  Distribution  Function  Z^q,  m ,  m)  for 
f'hc  Special  Case  of  the  Ratio  of  Two  Rayleigh-Distributsd  Variables 


<1 

Z^fq,  «.  «°) 

“na( 

\  *  Zn. 

db 

db 

db 

0.  0001 

39.  999  57 

40. 0178 

-Q.  of (j 2 3 

0.  0002 

3b.  98883 

37. 0362 

-0.  04737 

0.  0005 

33.  00813 

33.  0757 

-0. 06757 

0.  001 

29.  99566 

30.  1 C99 

•0. 11424 

0.  002 

26. 98101 

27.  1216 

-0.  14059 

0.  005 

22.  93833 

23.  1584 

-0.  16987 

0.  01 

19.  95635 

20. 1420 

-0.  18565 

0.  02 

16. 90196 

17. 0949 

-0.  19294 

0.  05 

12.  78754 

12.  9719 

-0.  18436 

0.  1 

9. 54243 

9.  7016 

-0.  15917 

0.  2 

6. 02060 

0. 1331 

-0.  1125C 

0.  5 

r, 

0 

0 
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Let  R  (g)  denote  the  required  value  of  R  for  ncn-fading  wanted  and  unwanted 
uro  °  u 

signals  and  it  follows  from  (V.10)  that  the  instantaneous  ratio  for  fading  signals  will  exceed 
R^yo(g)  with  a  probability  at  least  equal  to  q  provided  that: 

\  >  Rur(«*  q  K*  V  =  \ro<*>  ’  2>  K>  V  (V  14) 

The  use  of  (V.  14)  to  determine  an  allowance  for  phase  interference  fading  will  almost 
always  provide  a  larger  allowance  than  will  actually  be  necessary  since  (V.  14)  was  derived 
on  the  assumption  that  R  (g)  is  constant.  For  most  services,  R  (g)  will  not  have  a 
fixed  value  for  non-fading  signals  but  will  instead  have  either  a  probability  distribution  or  a 
grade  of  service  distribution:  in  such  cases  R^(g)  should  be  determined  for  a  given  q 
by  a  convolution  of  the  distributions  of  R  (g)  and  -  2  .  In  s til  1  other  casce  the  mean 
duration  of  the  fading  below  the  level  Zfl(q,  K,  K^)  will  be  comparable  to  the  mean  duration 
of  the  individual  message  elements  and  a  different  allowance  should  then  be  made.  In  some 
cases  it  may  be  practical  to  determine  R  as  a  function  of  a,  q.  K,  and  K  in  the 
laboratory  by  generating  wanted  and  unwanted  signals  that  vary  with  time  the  same  as  Yn 
and  Y  ^  Thi6  latter  procedure  will  o«  successful  only  to  the  extent  that  the  fading  signal 
generators  properly  simulate  natural  phase  interference  lading  both  as  regards  fheir  ampli¬ 
tude  distributions  and  their  fading  duration  distributions.  As  this  aqnax  i*  lntqndwd 
to  deal  only  with  general  defimtione  and  procedures,  functions  applicable  tc  particular  hinds 
of  wanted  and  unwanted  signals  which  include  an  appropriate  phase  interference 
fading  allowance  are  not  developed  here. 

The  ratio  P  defined  as  an  hourly  median  value  equal  to  the  difference  between 
u 

W  (0.  5)  +  Y  and  W  (0.  5|  t-  Y  will  also  vary  with  times 
m  um  u 


R  s  W  -  W  z  ',y  (0.  S)  -  W  (0.  5)  +  2. 

u  m  urn  m  um 


(V.15) 


*  Y  - 


(V.  :■;) 


The  random  variables  Y  and  Y  tend  to  be  approximately  normally  distributed  with  a 

u 

positive  correlation  coefiicient  p  which  will  vary  considerably  with  the  propagation  paths 


V-1V 


V.  b  The  Joint  Ktlect  of  Several  Source*  of  Interference  Pre*ent  Simultaneously 

The  effects  of  interference  from  unwanted  signals  and  from  noise  have  so  far  been 

considered  in  this  report  as  though  each  affected  the  fidelity  of  reception  of  the  wanted  signal 

independently .  Let  w  (gi  and  r  (g)w  denote  power  levels  which  the  wanted  median 
1  '  mr  ur  um 

signal  power  w  must  exceed  in  order  to  achieve  a  specified  grade  of  service  when  each 
source  of  interference  is  present  alone.  To  the  extent  that  the  various  sources  of 
interference  have  a  c.  aracter  approximating  that  of  white  noise,  this  same  grade  of  service 
may  be  expected  from  a  wanted  signal  with  median  level 

w„swjl)+  )  r  (g)w 
ni  mr  ur  um 

when  these  sources  are  present  simultaneously. 

An  approximate  method  has  been  developed  [Norton,  Staras,  and  Blum,  195^  J  for 
determining  for  a  broadcasting  service  the  distribution  with  time  and  receiving  location  of  the 
ratio 

w  /  w  (g)  +  /  r  (g)  w  j 
m  I  mr  L  ur  um  I 

Although  this  approach  to  '.he  problem  of  adding  the  effects  of  interference  will  probably 

always  provide  a  good  upper  bound  to  the  interference,  this  assumption  that  the  interference 

power  is  additive  is  often  not  strictly  valid  For  example,  when  intelligible  cross-talk  front 

another  channel  is  present  in  the  receiver  output  circuit,  the  addition  of  some  white  noise 

wjil  actually  reduce  the  nuisance  value  of  this  cross-talk. 

Frequently,  however,  both  w  (g)  and  w  will  be  found  to  vary  more  or  less 

Independently  over  wide  ranges  with  lime  and  a  good  approximation  to  the  percentage  of  time 

that  objectionable  interference  is  present  at  a  particular  receiving  location  may  then  be 

obtained  [Barsis,  et  al,  1961  1  by  adding  the  percentage  <v>  time  that  w  is  less  than 

m 

u  ( c )  to  the  percentages  of  time  that  w  is  less  than  each  of  the  values  of  r  (g)w 

rnr  '  m  ur  um 

When  this  total  time  of  interference  is  small,  say  less  than  10%,  this  will  represent  a 
satisfactory  estimate  of  the  joint  influence  ol  several  sources  of  interference  which  are 
present  simultaneously.  Thus,  when  ths  fading  ranges  of  the  various  sources  of  interference 
are  sufficiently  largo  .--o  that  t^ia  latter  method  of  analysis  is  applicable,  the  various  values 
of 

Wn  ^r(g)  of  rur(g)  will  have  comparable  magnitudes  for  negligible  percentages 

the  time  so  that  one  may,  in  effect,  assume  that  the  various  sources  of  interference  occur 
essentially  independently  in  time. 

Minimum  acceptable  wanted -tc -unwanted  signal  ratios  r  may  sometimes  be  a 

u  f 

funrt.cn  iu  r  ,  the  available  wanted  6ienat-to-nr.iae  iatio.  When  r  is  within  3  ub  ol 
m  ui 

i'  ,  an  unwanted  signal  may  be  treated  the.  sair„;  a-s  external  noise,  and.  n,  .,  similar  fashion, 

long-term  distributions  of  available  wanteci-to -unwanted  signal  ratios  ,.„i\  be  determined  fr- , 

each  class  of  unwanted  signals  for  which  r  »s  nearly  the  same. 

ur 
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V  6  The  Syotcm  Equation  for  Noise -Limited  Service 

Essential  elements  ol  a  noise-limited  communication  circuit  are  suuuuar ir.ed  m  the 

following  system  equation.  The  transmitter  output  dbw  which  will  provide  \V( 

dbw  of  total  radiated  power  in  the  presence  of  transmission  line  and  mail hing  network  losses 

db,  and  which  will  provide  a  nr.  dlan  delivered  signal  at  the  pre-detection  receiver  output 

which  is  R  db  ’bove  the  median  noise  power  W  delivered  to  the  pre-detection  re  ceiver 
m  mn 

output  is  given  by 

W  =  L  +  L  +  R  +(W  -G  )  dbw  (V  ■  20) 

ft  It  m  m  mn  ms 


in  the  presence  of  a  median  transmission  loss  L  and  a  median  operating  receiving  system 

m 

signal  gain  G  .  The  operating  signal  gain  iy  the  ratio  of  the  power  delivered  to  the  pre- 
ro  fl 

detection  receiver  output  to  the  power  available  at  the  terminals  of  an  equivalent  loss-free 

antenna.  Let  G  be  the  maximum  of  all  values  of  operating  rignal  gain  in  the  receiver  pass 
o 

band,  and  G  the  median  value  for  all  signal  frequencies  in  the  pass  band.  (W  -  U  ) 
ms  mn  ms 

in  (V.  20)  is  the  equivalent  median  noise  power  at  the  antenna  terminals,  as  defined  in  section  V.  3. 

It  is  appropriate  to  express  the  system  equation  (V.20)  in  terms  of  the  operating 

noise  factor  E  defined  by  (V.8),  rather  than  in  terms  of  W  or  (W  -  G  )  in 

op  mn  mn  ms 

order  to  separate  studies  of  receiving  system  characteristics  from  studicc  of  propagation. 

For  this  reason  all  predicted  power  levels  are  referred  to  the  terminals  of  an  equivalent 

loss-free  antenna,  and  receiving  system  characteristics  such  as  F  ,  G  ,  G  ,  ar  ' 

op  o  ms 

P  -  10  log  b  are  separated  from  transmission  loss  and  available  power  in  the  formulas. 

Rearranging  terms  of  (V.8),  the  equivalent  median  noise  power  (W  -  G  )  delivered 

mn  mo 

to  the  antenna  terminals  may  be  expressed  as 


W  -G  =  F  +  (G  -  G  )  +  (B  -  204)  (V.21) 

mr,  ms  op  o  ms  '  ' 

where  G  and  G  are  usually  nearly  equal.  Assuming  that  L,  ,  G  ,  G  ,  and  B 
o  ms  1 1  o  ms 

arc  constant,  it  is  convenient  to  combine  these  parameters  into  an  arbitrary  constant  K  : 

o 

K  -  L.  +  G  -G  +  B  -  204  dbw  (V.  22) 

o  It  o  ms 


and  rewrite  the  system  equation  as: 

W  «  K  +  L  +  R  +F  dbw 
f  t  o  m  m  op 


(V.  23) 


In  general,  if  unwanted  signals  other  than  noise  may  be  disregarded,  service  exists 

whenever  R ( q)  exceeds  R  (g),  where  R  (q)  is  the  value  r.f  R  exceeded  t  fraction  o 

m  mr  m  m  M 

of  all  hours.  With  G  and  W  assumed  constant,  so  that 
ms  mn 

R.  (q)  -  W  (a)  +  G  -  W  (V.  24) 

m  M  m  ’  ms  mn  '  ’ 


V  -20 


serv U.tt  exists  wh enaver  W  (q)  exreed*  W  ,  or  wherever  L  (q )  is  less  than  the  max- 

m  rn  r  m 

Imiirn  allowable.  transmission  loss  1,  (g)  An  equivalent  statement  may  Le  rriade  in  terms 

mo 

of  the  system  equation.  The  transmitter  power  W  (q)  which  will  provide  for  a  fraction  q 

of  all  hours  at  least  the  grade  g  service  defined  by  the  required  signal-to-noise  ratio 

R  (g)  is 
mr  s 


W 


'  (q)  =  K  +  L  (q)  +  F  +  R  (g) 

tt  o  m  op  mr 


(V.  2  5) 


where  L  (c )  is  the  hourly  median  transmission  loss  not  exceeded  for  a  fraction  q  of  all 
m  * 

hours . 

For  a  fixed  transmitter  power  W  dbw,  the  signal-to-noise  ratio  exceeded  q  percent 

o 

of  all  hours  is 


R  (q)=W  -  K  -  F 
m  o  o  op 


L  (q)  db 

m 


(V.  26) 


for  a  "median"  propagation  path  for  which  the  service  probability,  Q  ,  is  by  definition  equal  to  0.  5. 
The  maximum  allowable  transmission  loss 


L  (g)  =  w  -  K  -  F  -  R  (g) 
mo  *  o  o  op  mr  s 


(V.  27) 


is  set  equal  to  the  loss  L  (q.Q)  exceeded  during  a  fraction  (1  -  q)  of  all  hours  with  a  probability 

m 

Q.  This  value  is  fixed  when  P  ,  K  ,  and  R  (g)  have  been  determined,  and  for  each 

o  o  mr 

time  availability  q  there  is  a  corresponding  service  probability,  Q(q).  Section  V.  9  will 
explain  how  to  calculate  Q(q). 

When  external  noise  is  both  variable  and  not  negligible,  the  long-term  variability  of 
F  must  be  considered,  and  the  following  relationships  may  be  used  to  satisfy  the  condition 


Rm W  >  R__(g) 

m  ’  mr 


R  (q)  *  R  {  0.  5)  +  Y  (q) 
m  m  m 


R  (0.  5)  a  W  -  K  -F  (0.  5)  -  L  (0  5) 
m  oo  op  m 

yJ( q)  2  YZ(q)  +  Y*  (  1  -  q  )  -  2  Y(q)  YJ  1  -  q) 


Y(q)  fL  (0.  5)  -  L  (q), 


Y  (q)  =  F  (q)  -  F  (0.  5) 
n  op  up 


(V .  28) 
(V .  29) 
(V ,  30) 
(V.  31) 
(V .  32) 


where  p  is  the  long-term  correlation  between  W  and  F  ■  Though  p  could 
Ht-n  *  m  op  s  tn 

theoretically  have  any  value  between  -  1  and  1,  it  is  usually  zero. 


v-ai 


V.7  The  Time  Availability  of  Interference -Limited  Service 


Let  p  denote  the  lone-term  correlation  between  W  and  W  .  the  power  ex- 
Mu  "  m  um  r 

pected  to  be  available  at  least  <1  percent  ofall  hour*  at  the  terminals  of  an  equivalent  loss- 
free  receiving  antenna  from  wanted  and  unwanted  stations  radiating  w  and  w  watts, 
respectively  : 


W  (o)  =  W  -  L  (ol  dbw  , 
m  ‘  o  m  * 

W  =  10  log  w  dbw  , 
o  o 


W  (q)  =  W  -  L  (ql  dbw 
um  1  u  um1 

W  =10  log  w  dbw 
u  =  u 


(V.  33) 

{V.  34) 


The  criterion  for  oervice  of  at  least  grade  g  in  the  presence  of  a  single  unwanted  signal  and 
ir.  the  absence  of  other  unwanted  signals  or  appreciable  noise  is 


\<a)  >  Rur(S'  qJ  tv-35> 

where 


Ru(q) 

=  R  (0.  5)  + 
u 

V> 

(V- 

,  36) 

R  (0.5)* 

W  (0.  5)  - 

W  (0.  5) 

(V. 

37) 

U 

rn 

um 

Yrt(q)  ~ 

Y2(q)  +  Y 

U  <  1  -  ««>- 

2  ptn  Y(q)  Yu  (  1  -  q) 

(V. 

38) 

Vu(o) 

W  (q)  - 

um 

W  (0.5) 
um 

L  (0.  5)  -  L  (q) 
um  um 

(V. 

38) 

If  W  ,  W  ,  and  F  were  exactly  normally  distributed,  (V.31)  and  (V.38)  weald  be 
m  um  op 

exact;  they  represent  excellent  approximations  in  practice. 
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V.8  The  Estimation  of  Prediction  Errors 

Consider  the  calculation  of  the  power  W  (q)  available  at  the  terminals  ol  an  equiva- 

m 

lent  loss-free  receiving  antenna  during  a  fraction  q  of  all  hours.  W  (q)  refers  to  hourly  median 

m 

values  expressed  in  dbw  .  For  a  specific  propagation  path  it  is  calculated  in  accordance  with 
the  methods  given  in  sections  8-10  using  a  given  set  of  path  parameters  (d,  f,  8,  h^  ,  etc.).  De¬ 
note  by  W  (q)  observations  made  over  a  large  number  of  randomly  different  propagation  paths, 
m  o 

which, however.can  all  be  characterized  by  the  ismt  set  of  prediction  parameters.  Values  of 

W  (q)  will  be  very  nearly  normally  distributed  with  a  mean  (and  median)  equal  to  W  (q). 

mo  2  1 1 1 

and  a  variance  denoted  by  <r  (q).  This  path-to-path  variability  is  illustrated  in  Fig.V.fe  for 


a  hypothetical  simation  which  assumes  a  random  distribution  of  all  parameters  which  are  not 
taken  into  account  in  the  prediction  method. 

The  variance  c2  of  deviations  of  obaervation  from  prediction  depends  on  available 
a%va  and  the  prediction  method  itself.  The  moet  sophisticated  of  the  methods  given  in  this  re¬ 
port  for  predicting  trartsmission  loss  as  a  function  of  carrier  frequency,  climate,  time  block, 
antenna  gains,  and  path  geometry  have  been  adjusted  to  show  no  bias,  on  the  average,  for  the 
data  discussed  in  section  10  and  in  annex  I. 

.Most  of  these  data  are  concentrated  in  the  40-1000  MHz  frequency  range,  and  were 
obtained  primarily  for  transhorizon  paths  in  climates  1,  8,  and  3.  Normally,  one  antenna  was 
on  the  order  of  10  meters  above  ground  and  the  other  one  was  higher,  near  800  meters.  Even 
the  low  receiving  antennas  were  located  on  high  gi  ound  or  in  clear  areas  well  removed  from 

hills  and  terrain  clutter.  Few  of  the  data  were  obtained  with  narrow-beam  antennas.  An  at¬ 
tempt  has  been  made  to  estimate  cumulative  distributions  of  hourly  transmission  loss  medians 
for  at  i  iiraleiy  spociiled  time  blocks.  Including  estimates  of  year-to-year  variability. 

A  prediction  for  some  situation  that  is  adequately  characterized  by  the  prediction 
pa  in  meters  chosen  hero  requires  only  interpolation  between  values  oi  these  parameters  for 
which  data  are  available.  In  such  a  case,  iMq)  represents  the  standard  error  of  prediction. 
The  in'  an  square  error  of  prediction,  referred  lr  a  situation  iur  which  data  are  not  available,  is 
c2  (qi  plus  the  square  of  the  bias  of  the  prediction  method  relative  to  the  new  situation. 

Based  or.  an  analysis  of  presently  available  transhorizon  transmission  loss  data,  the 
8 

variance  a  (q)  is  estimated  as 


<r2(q)  =  12.  73  +  0.  12  Y2(q) 
c 


db 


(V.  40) 


where  Y  (a)  is  defined  in  section  10.  Since  Y(0.S)ic  o,  the  variance  a  (0.5)  of  the  difference 

2  c 

net.  ccu  observed  and  predicted  long-term  medians  is  12.73  db  ,  with  a  corresponding  stand¬ 
ard  deviation  a  (0.5)  =  3.57  db. 
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It  is  occasionally  very  difficult  to  estimate  the  prediction  error  r^{q)  and  the 
service  probability  Q.  Where  only  a  small  amount  of  data  is  available  there  is  no  adequate 
way  of  estimating  the  bias  of  a  prediction.  One  may.  however,  assign  weights  to  the  curves 
of  V(0.  5,  d^)  in  figure  10.1  3  for  climates  1-7  based  on  the  amount  of  supporting  data  avail¬ 
able: 


Climate  Number  Weight 

1  300 

2  120 

3  60 

4  2 

5  (deleted) 

6  5 

7  5 


As  an  example,  for  d  =  600  km,  the  average  V(0.  5,  d  )  weighted  in  accordance  with  llie  above 
e  e  2 

is  0.  1  db  ,  and  the  corresponding  climate -to -climate  variance  of  V(0.  5)  is  3.  1  db  .  If  a 

random  sampling  of  these  climates  is  desired  the  predicted  median  value  L(0.  5)  is  L ^  - 

V(0.  5)  =  L  -  0.  1  db  ,  with  a  standard  error  of  prediction  equal  to  (12.  7  +  3.  1)^  =  4  db  , 
cr  ^ 

where  12.7  db  Is  the  variance  of  V(0.  5)  within  any  given  climate. 

If  there  is  doubt  as  to  which  of  two  particular  climates  i  and  j  should  be  chosen,  the 

best  prediction  of  L^(q)  might  depend  on  the  average  of  V^(0.  5,  d#)  and  V^O.S.d^)  and  the 

root-mean  square  of  Y  (q,  d  )  and  Y  (q,  d  )t 
i  e  j  e 


L(q)  r  L  -  0.5| 

L 

V(0.  5,  d  )  +  V.(0.  5,  d  ) 
i  e  j  e  | 

*  V*  V 

db. 

( V  .  4  1) 

r .  .  2  2 

V«'V- 

^0.5  Yjfq.d^  +  0.5  Y*(q.  de)J  db 

(V .  42) 

4 

The  bias  of  this  prediction  may  be  as  large  as  fo.  5 

V1(0.5.de) 

-  Vj(0.  6,de)^ 

db  . 

The 

root-mean  square  prediction  error  may  therefore  be  estimated  as  the  square  root  of  the  sum  of 
2 

the  variance,  <r  (0.  5)  and  the  square  of  the  bias,  or 
c 


i"l2 .  73  +  0.  12  Y2.(q,  d  )  +  0.25 
iv  ij  e 


V.(0.  5,  d  )  -  V,(0.  5,  d 
i  e  j  e 


db. 


According  to  figure  10, 13,  V(0.  5,  d  )  is  expected  to  be  the  same  for  climates  1  and  8. 

This  conclusion  and  the  estimate  for  Y(q,  d^)  shown  in  figure  ID.  29  for  climate  8  are  based 

solely  on  meteorological  data.  In  order  to  obtain  these  estimates,  the  percentages  of  time  for 

which  surface-based  ducts  existed  in  the  two  regions  were  matched  with  the  same  value  of 

Y(q,d  1  for  So »h  climates.  in  tm»  «■*>',  Y’  (q.  )  was  derived  from  Y  (q,  d  j  by  relati--  _  - 

to  q  for  a  given  Y  instead  of  relating  Y0  to  Y.  for  a  given  q. 

A  0  1 

V-2  A 


i  • 
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V.9  The  Calculation  of  Service  Probability  Q  for  a  Given  Time  Availability  q 
For  noise-limited  service  of  at  least  grade  g  and  time  availability  q,  the  ser 
vice  probability  Q  is  the  probability  that 


if  external  noise  is  negligible.  L 

p  '  mo 

limited  by  variable  external  noise  is 


l  (g>  -  L(q)  >  o 

mo  m 

(g)  is  defined  by  (V.27)  . 


( V .  43) 

The  criterion  for  service 


R  (q)  -  R  (g)  >  0  (from  equation  V  .  23)« 
m  mr 


For  service  limited  only  by  interference  from  a  single  unwanted  signal, 

R  (q)  -  R  (g«  q)  >  0  (from  equation  V.  3  5)* 


Combining  ( V .  2  2 )  and  (V.27),  (V.43)  maybe  rewritten  as 


W  -  L.  -  G  +  G  -  B  +  204  -  F  -R  (g)  -  L  (q)  >  0 
o  It  o  ms  op  mr  °  m 


(V.  44) 


where  the  terms  are  defined  ir.  (V.8)  and  section  V.6.  Assuming  that  the  error  of  estimation 
of  these  terms  from  system  to  system  is  negligible  except  for  the  path-to-path  variance  <Mq) 
of  1_  (q)  it  is  convenient  to  represent  the  service  probability  Q  as  a  function  of  the  standard 

normal  deviate  z  : 


z 

mo 


<rc(q) 


(V.  45) 


which  has  a  mean  ol  zero  and  a  variance  of  unity.  L  is  identified  as  the  transmission 

mo 

loss  exceeded  a  traction  (l-q)  of  the  time  with  a  probability  Q,  which  is  expressed  in  terms 
of  the  u-ror  function  as 


Q(z  )  =  i  +  J  crl(z  /■/?) 
mo  *  mo 


(V.  46) 


Figure  V.  7  is  a  graph  of  Q  versus  z 

fe  fee  —  mo 

For  the  method  described  here,  the  condition 

0.12  Y(q)  z  (Q)  <  -  a  (q) 

mo  c 


(V.  4  7) 


is  sufficient  to  insure  that  the  service  probability  Q  increases  as  the  time  availability  q 
is  decreased.  A  less  restrictive  condition  is 


Y(q) 


-  L  (0.  5)]  <  106  db 


(V.  48) 
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An  example  is  shown  In  figure  V.b.  with  q  versus  Q  for  radiated  powere  W  =  30  dbw 


and  VV  =40  dbw,  and  L  (q,Q)  -  W  +  140  db.  Here, 
o  mo 


p- 

=  0.5  +  0.5  erf  [  — - 


(q)  -  140- 


10  sT 


(V.  49) 


corresoon-iing  to  a  normal  distribution  with  a  mean  L  (0.5)  =  140  do  and  a  standard  deviation 
‘  m 

Y(0.  158)  =  10  db  .  I  Note  that  L  (q)  versus  q  as  estimated  by  the  methods  of  section  10  is 

m 

usually  not  normally  distributed]  . 

To  obtain  the  time  availability  versus  service  probability  curves  on  figure  V.8,  L  ( q) 

£  m 
was  obtained  from  c.  Yiq)  from  ( V.  4),  o  (o)  lrom  (V.40).  z  from  IV.  4  5),  and  Q  from 

c  ‘  me 

figure  V.7.  This  same  method  of  calculation  may  be  used  when  there  are  additional  sources  of 
prediction  error  by  adding  variances  to  <r^(q)  .  Examining  possible  trade-offs  between  time 
availability  and  service  probability  shown  in  figure  V.8,  note  the  increase  from  q  =  0.965  to 
q  =  0.993  for  Q  =  0 . 9  5,  or  the  increase  from  0-0. 78  to  Q  =  0 . 9  7  for  q  =  0 . 99 ,  as  the 
radiated  power  is  increased  from  one  to  ten  kilowatts. 

For  the  case  of  service  limited  by  external  noise  (V.28)  to  (V.  JO)  may  be  rewritten  as 


W 


F  (0.5) 

op 


Lml0  5)  +  Ym,q) 


K  U)  >  0 

mr 


(V.  501 


One  may  ignore  «ny  error  of  estimation  of  \V  ,  K  ,  and  R  (el  as  negligible  and  assume  no 

o  o  m  r  2 

paih-to-path  correlation  between  F  (0.5)  and  L  (0.5).  The  variance  c  (q)  of  F  (0.5)  + 

Op  iii  op  2  Op 

L  (0.5)  ••  Y  (q)  in  (V.  50)  may  then  be  written  as  a  sum  of  component  variances  a  and 
m  m  '  r 


(a)  =  ef  r  12.  73  +  0.  1 2  Y^  (q)  db^  • 
op  ‘  F  m 


(V.  51) 


Very  little  is  known  about  values  for  the  variance  tf_  of  F  (0.5) 
2  F  op 

order  of  20  do  . 

The  corresponding  standard  normal  deviate  7 ^  io  : 


but  is  is  probably  on  the 


op 


Km(9>  -  ft.'s) 

m _ rr.  r 

0 _ (q) 


(V.  52) 


and  the  service  probability  Q(q)  is  given  by  (V.  46)  with  z  replaced  by  z 


op 


The  re'»r 


tion  (V.47)  still  holds  with  £ 


ir.d 


replaced  by  z  and  ij 

Op  Op 


A  less  restriction  con* 


dilion  equivalent  to  (V  48}  can  be  9tatec.  only  ;i  a  specific  value  oi  <r^,  is  assumed. 


V  -26 


Tor  the  case  of  service  limited  only  by  interference  from  a  single  unwanted  radio 
signal  (V,  35)  to  (V.  39)  may  be  rewritten  as 

L  (0.5)  -L  (0.  5)  +  Yfq)  -  R  (g.  q)  >  0  •  (V.  53) 

um  m  R  ur 

Let  p,  denote  the  normalised  correlation  or  covariance  between  path-to-path  variations  of 
fu  2  2 

W  (0.5)  and  W  (0.5).  Then  assuming  a  variance  of  25.  5(1  -p.  )  +  0.  12  Y  (q)  db  for 

m  um  ^  iu  R 

R  (q)  ,  given  by  the  first  three  term*  of  (V.  53)  and  a  variance  aC  for  the  estimate  of  R  (c,  q)  , 
u  ^  ur  ur 

the  total  variance  ^  (q)  any  estimate  of  the  service  criterion  given  by  (V.  53)  may  be  written 

as 


=  25-5<‘-  pfu) +  °- 12  yr<*»  +  V 


(V.  54) 


where  Y_(q)  is  given  by  (V.  38) .  The  corresponding  standard  normal  deviate  z  is  : 
R  uc 


Ru(q)  -  Rur(g.q) 

"uc(Ci) 


(V.  55) 


and  thi  service  probability  Q(q)  is  given  by  (V.46)  with  z 

2  2  rnC 
a  may  range  from  10  db  to  very  much  higher  values.  T 

applv  with  z  and  a  replaced  by  z  and  <r  and  with 

2  niO  C  ‘JiC  uc 

(2  12  +  a  )  dba . 

ur 


.  eplacea  by  z  .  The  variance 
uc 

be  restrictions  (V.  47)  and  (V.  48) 
10  6  db  in  ( V  48)  re  placed  by 
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FRACTION  q  OF  HOURLY  MEDIAN  VALUES  NOT  EXCEEDING  THE  ORDINATE 

Figur*  3Z.6 


TIME  AVAILABILITY  VERSUS  SERVICE  PROBABILITY 
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SERVICE  PROBABILITY, 
Ficure  V.  8 


V.  10  Optimum  Use  <>i  t :-•*  Ua<i:t>  l- i  rq  u-ucy  Spectrum 

'l'.."  business  ui  tho  telecommunications  c».Kinoor  is  r0  develop  ciuci.-.n  ,-fuiio  ■nswnis, 
ar.d  U.o  principal  tool  lor  improving  efficiency  is  to  adjust  the  various  paramo  tors  u>  i'muv 
optimum  values.  For  example,  it  is  usually  more  o,  om.imc.il  to  use  lower  otfeotive  radiated 
powers  front  the  transmitting  systems  by  reducing  the  operation  sensitivities  o.  tt.e  re¬ 
ceiving  systems.  Receiving  System  sensitivities  cat,  bo  reduced  by  (a)  reducing  the  level  of 
internally  generated  noise,  (b)  using  antenna  directivity  to  reduce  the  effects  of  external  noise, 
(c)  reducing  man-made  noise  levels  by  using  suppressors  on  noise  generators  such,  as  i;- 
r.if ion  systems,  relays,  power  transmission  systems,  etc.,  and  (d)  using  space  or  lime  di¬ 
versity  and  coding.  The  use  of  more  spectrum  in  a  wide  band  FM  system  or  in  a  ircquency 
diversity  system  can  also  reduce  tne  receiving  system  operating  sensitivity  as  well  as  re¬ 
duce  the  acceptance  ratios  against  unwanted  signals  other  than  noise. 

Unfortunately,  unlike  other  natural  resources  such  as  land,  minerals,  oil,  and 

water,  there  is  currently  no  valid  method  for  placing  a  monetary  value  on  each  hertz  ol  the 
radio  spectrum.  Thus,  in  the  absence  of  a  common  unit  of  exchange,  these  tradeoffs  are 
often  marie  unrealistically  at  the  present  time.  It  is  now  generally  recognized  that  the  use  oi 
large  capacity  computers  is  essential  for  optimizing  the  assignment  oi  frequencies  to  various 
classes  of  service  including  the  development  of  optimum  channelization  schemes.  Typical 
inputs  to  such  computers  arc: 

1.  Nominal  frequency  assignments  . 

Transmitting  system  locations,  including  the  antenna  heights. 

3.  Transmitting  system  signatures;  i.e.,  the  radiated  emission  spectrum  charac¬ 
teristics  including  any  spurious  emission  spectrumB. 

4.  Transmitting  antenna  characteristics. 

5.  Receiving  system  locations,  including  the  antenna  heights. 

6.  Spurious  emission  spectrums  of  the  receiving  systems. 

7.  Operating  sencitivitics  of  the  receiving  systems  in  their  actual  environments 
which  thus  make  appropriate  allowance  for  the  effects  of  both  man-made  and 
natural  noise . 

S.  Required  values  of  wanted-to-unwanted  phase  interference  median  signal  powers 
for  all  unwanted  signals  which  could  potentially  cause  harmful  interference  to 
the  wanted  signal;  these  acceptance  ratios  include  appropriate  allowances  for 
reductions  in  the  effects  of  lading  achieved  by  the  use  of  diversity  reception  and 
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9.  Long-term  median  reference  values  of  basic  transmission  loss  and  path  antenna 
gain  for  the  wanted  path  and  all  of  the  unwanted  signal  propagation  paths;  these 
path  antenna  gains  include  allowances  for  antenna  orientation,  polarization,  and 
multipath  please  mismatch  coupling  losses. 

10.  Distributions  time  of  the  transmission  loss  for  the  wanted  signal  path  and 

all  of  the  unwanted  signal  paths. 

11.  Correlations  between  the  transmission  losses  on  the  wan. id  and  on  each  of  the 
unwanted  propagation  paths. 

12.  Transmission  line  and  antenna  circuit  losses- 

13.  The  spurious  emission  spectrum  of  any  unwanted  signals  arising  from  unli¬ 
censed  sources  such  as  diathermy  machines,  electronic  heaters,  welders, 
garage  door  openers,  etc. 

14.  Assigned  horns  of  operation  of  each  wanted  and  each  unwanted  emission. 

The  output  of  the  computer  indicates  simply  the  identity  and  nature  of  the  cases  or  harmful 
interference  encountered.  Harmful  interference  is  defined  as  a  failure  to  achieve  the  speci¬ 
fied  grade  u!  service  for  more  than  the  required  fraction  of  time  during  the  assigned  hours 
of  operation.  Changing  some  of  the  inputs  to  the  computer,  an  iterative  process  can  be 
defined  w! dv.  h  may  lead  to  an  assignment  plan  with  no  cases  of  harmful  interference. 

It  is  assumed  that  a  given  band  of  radio  frequencies  has  boen  assigned  to  the  kind  of 
radio  service  under  consideration  and  that  the  nature  of  the  services  occupying  the  adjacent 
Irequeney  b,.ud..  iu  also  known.  Furthermore,  it  is  assumed  that  the  geographical  locations 
ui  each  of  the  transmitting  and  receiving  antennas  arc  specified  in  advance,  together  with  the 
relative  value*  of  the  radiated  powers  from  each  transmitting  antenna  and  the  widths  and 
b  pacings  of  the  radio  frequency  channels.  In  the  case  of  a  broadcasting  Service  the  speci¬ 
fication  of  the.  intended  receiving  locations  can  be  in  terms  of  proposed  service  areas.  With 
tiiib  information  given,  use  may  be  made  of  the  following  procedures  in  order  to  achieve 
optimum  use  of  the  spectrum  by  this  particular  service  : 

(a)  The  system  loss  for  each  of  the  wanted  signal  propagation  paths  should  be  mini¬ 
mized  and  tor  each  of  the  unwanted  signal  propagation  paths  should  be  maximized; 
this  may  be  accomplished  by  maximizing  the  path  antenna  power  gains  for  Cuch  of  the 
v. , tilled  signal  propagation  paths,  minimizing  the  path  antenna  gains  for  each  of  the 
unwanted  propagation  paths,  and  in  exceptional  cases,  by  appropriate  antenna  siting. 
The  path  antciiiM  gains  for  the  unwanted  signal  propagation  paths  may  be  minimized 
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by  the  use  of  high-gain  transmitting  and  receiving  antennas  with  optimum  side  lobe 
suppression  and  front-to-back  ratios  and,  in  some  cases,  by  the  use  of  alternate 
polarizations  for  geographically  adjacent  stations  or  by  appropriate  shielding. 

(b)  The  required  protection  ratios  rur(s)  should  be  minimized  by  (1)  appropriate 
radio  system  design,  (2)  the  use  of  stable  transmitting  and  receiving  oscillators, 

(3)  the  use  of  linear  transmitting  and  receiving  equipment,  (4)  the  use  of  wanted 
and  unwanted  signal  propagation  paths  having  the  minimum  practicable  phase  inter¬ 
ference  lading  ranges;  from  band  6  to  band  9  (0.  3  to  3000  MHz),  minimum  phase  in¬ 
terference  fading  may  be  achieved  by  the  usr  of  the  maximum  practicable  transmitting 
and  receiving  antenna  heights,  and  (9)  the  use  of  space  diversity,  time  diversity,  and 
coding. 

(c)  Wanted  signal  propat  n  paths  should  be  employed  having  the  minimum  practi¬ 
cable  long-term  power  fading  ranges.  In  bands  8  and  9,  minimum  fading  may  be 
achieved  by  the  use  of  the  maximum  practicable  transmitting  and  receiving  antenna 
heights . 


The  above  procedures  should  bo  carried  out  with  various  choices  of  transmitting  and  receiv¬ 
ing  locations,  relative  transmitter  powers,  and  channel  spacinga  until  a  plan  is  developed 
which  provides  the  required  service  with  a  minimum  total  spectrum  usage.  After  the  un¬ 
wanted  signal  interference  hai  been  suppressed  to  the  maximum  practicable  extent  by  the 
above  methods  so  that,  at  each  receiving  location  each  of  the  values  of  r^  exceeds  the 
corresponding  protection  ratio  rur(g)  for  a  sufficiently  large  percentage  of  the  time,  then 
the  following  additional  procedures  should  be  adopted  in  order  to  essentially  eliminate  inter¬ 
ference  from  noise  : 

(d)  The  system  loss  on  each  of  the  wanted  signal  propagation  paths  should  be  mini¬ 
mized;  this  may  be  accomplished  by  (1)  the  use  of  the  highest  practicable  transmit¬ 
ting  and  receiving  antenna  heights  in  bands  8  and  9,  and  {/)  maximizing  the  path 
antenna  power  gains  lor  each  ol  the  wanted  signal  propagation  paths.  The  path  antenna 
power  gains  of  the  wanted  signal  propagation  paths  may  be  maximized  by  using  the 
maximum  practicable  transmitting  and  receiving  antenna  gains  and  by  minimizing  the 
antenna  circuit  and  polarization  coupling  losses.  The  r  inimization  of  the  system 
loan  or.  each  of  the  wanted  signal  propagation  paths  will  already  have  been  achieved  to 
a  large  extent  in  connection  with  procedu/  es  (a),  (b),  and  (c)  above. 
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(e)  In  general,  roceiving  systems  should  be  employod  which  havo  the  lowest  practi¬ 
cable  values  of  operating  sensitivity  w  (g) . 

mr 

(f)  Finally,  sufficiently  high  transmitter  powers  should  be  used  [  keeping  the  relative 
power d  at  the  optimum  relative  values  determined  by  procedures  (a),  (b),  and  (c)  ] 

so  that  the  wanted  signal  power  will  exceed  the  operating  sensitivity  w^^g) 

for  a  sufficiently  large  fraction  of  the  time  during  the  intended  period  of  operation 
at  every  receiving  location. 

Although  it  might  at  first  seem  impracticable,  serious  consideration  should  be  given  to  the 
use  of  auxiliary  channels  from  wanted  receivers  to  wanted  transmitters.  The  provision  of 
such  channels  might  well  be  feasible  in  those  cases  where  two-way  transmissions  are  in¬ 
volved  and  might  lead  to  important  economies  in  both  power  and  spectrum  occupancy 
[Hitchcock  and  Morris,  1961  ]. 

Ultimately,  when  optimum  use  of  the  spectrum  has  been  achieved,  it  will  not  be  possi¬ 
ble  to  find  a  single  receiving  location  at  which  radio  noise  rather  than  either  wanted  or 
unwanted  signals  car.  '■>■*  observed  for  a  large  percentage  of  the  time  throughout  the  usable 
portions  of  the  radio  spectf.m  not  devoted  to  the  study  of  radio  noise  sources,  as  Is  the  radio 
astronomy  service.  Although  everyone  will  agree  that  the  attainment  of  this  ideal  goal  of 
interference -froc  spectrum  usage  by  the  maximum  number  of  simultaneous  users  can  be 
achieved  only  over  a  very  long  period  of  time  because  of  the  large  investments  in  radio 
systems  currently  in  operation,  nevertheless  it  seems  desirable  to  have  a  clear  statement  of 
the  procedures  which  should  be  employed  in  the  future  in  order  to  move  in  the  direction  of 
meeting  thl<’  ultimately  desirable  goal  whenever  appropriate  opportunities  arise. 
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V.II  Supplementary  I  1st  of  Symbol*  for  Amins  V 
Kffcetive  bandwidth,  b,  of  a  receiver  in  cycle*  per  second,  II  -  10  log  b  decibels, 
(V.  7)  and  (V.8). 

Operating  noiae  factor  of  the  pre-dctection  receiving  ayutem,  F  =10  log  f  db, 

op  op 

(V.  7)  and  (V.8) 


Grade  of  service.  A  specified  gr.<de  of  service  provided  by  a  given  signal  will 
guarantee  a  corresponding  degree  of  fidelity  of  the  information  delivered  to  the  re¬ 
ceiver  output. 

The  maximum  value  of  the  operating  gain  of  a  pre-detection  receiving  system, 

G  =  lOlogg  db,  (V.7)  and  (V.8). 
o  o 

The  hourly  median  operating  signal  gain  of  a  pre-detection  receiving  system, 


G  =10  log  g  db,  (V. V) . 

ms  mi 


,-23 


Boltzmann's  constant,  k=  1.38054  x  10  joules  per  degree,  (V.7). 

Johnson's  noise  power  that  would  be  available  in  the  bandwidth  b  cycles  per  second 

at  a  reference  absolute  temperature  T  =  288.37  degrees  Kelvin,  (V.7). 

o 

The  decibel  ratio  of  the  amplitude  of  the  constant  or  power-fading  component  of  a 
received  signal  relative  to  the  root-sum-square  value  of  the  amplitudes  of  the 
Rayleigh  components,  figure  V.  1. 

An  arbitrary  constant  that  combines  several  parameters  in  the  systems  equation, 


( V .  22) . 

Transmission  line  and  matcHng  network  losses  at  the  transmitter,  (V  20). 
Hourly  median  truesmission  loss.  (V.20). 

Hourly  median  transmission  lots  not  exceeded  for  a  fraction  q  of  all  hours,  or 
exceeded  (1-q)  of  all  hours,  (V.25). 

Hourly  median  transmission  lost  exceeded  for  a  fraction  (.1-q)  of  all  hours  with 

a  probability  Q,  section  V.  6. 

Median  value  of  L  (q)  ,  (V,2). 

m 

Maximum  allowable  hourly  median  transmission  loss  for  a  grade  g  of  service, 


(  V  .  27)  . 

Observed  values  of  transmission  loss  not  exceeded  a  fraction  q  of  the  recording 
period,  ( V  .  5) , 

Hourly  median  transmission  loss  of  unwanted  signal  not  exceeded  for  a  fra<  lion  q 
of  all  hours,  ( V  .  33) . 

Long-term  median  value  of  L  (q),  ( V .  39). 
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Transmission  loss  associated  with  the  " ins tantaneous1'  power  V/  ,  (V.6)  and 
figure  V.  2. 

Transmission  loss  L  not  exceeded  a  fraction  q  of  the  time. 

n 

The  interdecile  range  L  (0  9)  -  L  (0.  1)  of  values  of  transmission  loss  nsso- 

TT  TT 

dated  with  the  "instantaneous"  power  W  .  iigure  V.2. 

IT 

Time  availability. 

Time  availability  in  climateB  1  and  8,  section  V.8. 

Service  probability,  discussed  in  section  V.8. 

The  probability  Q  of  obtaining  satisfactory  service  for  a  fraction  of  time  q,  figure 

V.6. 

Service  probability  Q  expressed  in  terms  of  the  error  function  of  z  ,  (V.46), 

mo 

figure  V.  5. 

Ratio  of  the  hourly  median  wanted  signal  power  to  the  hourly  median  operating  noise 
power, 

A  specified  value  of  r  which  must  be  exceeded  for  at  least  a  specified  fraction 
r  m 

of  time  to  provide  satisfactory  service  in  the  presence  of  noise  alone,  R  = 
r  mr 

10  log  r  db ,  ( V  .  9)  • 

mr 

Ratio  of  hourly  median  wanted  to  unwanted  signal  power  available  at  the  receiver, 

It  -  10  log  r  db  ,  ( V.  14) . 
u  u 

A  specified  v.due  of  r  which  must  be  exceeded  for  at  least  a  specifier!  frac  tion 
u 

of  time  to  provide  satisfactory  service  in  the  presence  of  a  single  unwanted  signal. 

\  =10  log  r  db  ,  ( V .  14) . 

u  r  ur 


R  =10  log  r  db  ,  (V.9). 
m  rn 


r  (K).  K 
mr  * 


U) 


The  m.nimum  acceptable  signal  to  noise  ratio  which  will  provide  service  of 


,t  given  grade  g  in  the  absence  of  unwanted  signals  other  than  noise.  R^^(g)  = 
10  log  r  <g)  db.  ( V  .  9) . 


r  (K).  K  (n) 


The  protection  ratio  r  required  to  provide  a  specified  grade  of  survic  e 


1<  (q) 
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H  (0.5) 

m 

l<  (q) 
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R  (0.5) 
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h  (g.  q) 

ur 


H  ( g) 
u  r  o 


It  (g)  =  10  log  r  ( g)  db ,  sections  V .  4  and  V .  5. 
m  ur 

The  value  of  R  exceeded  at  least  a  fraction  q  of  the  time,  (V.24). 
m 

The  median  value  of  R  .  (V.29). 

m 

A  specified  value  of  R  exceeded  at  least  a  fraction  q  of  the  time.  (V.  35). 

Thu  median  value  of  R  ,  (V.  36), 
u 

The  required  ratio  R^  to  provide  service  of  grade  g  for  at  least  a  fraction  q 
cf  the  time,  ( V .  3  5). 

The  required  ratio  R 


for  non-fading  wanted  and  unwanted  signals.  (V  14). 


R  The  ratio  between  the  instantaneous  wanted  and  unwanted  signal  powers.  (V  10) 

UTT 

T  Reference  absolute  temperature  T  =  288.  37  degrees  K*  Ivin.  {V  7). 

■  ■  o 

V (0 . 5),  d  )  A  parameter  used  to  adjust  the  predicted  reference  median  for  various  i  limatit 
regions  or  periods  of  time,  section  V.8  and  section  10,  volume  1. 
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W  (q) 
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W  (0.5) 
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W  (q) 

IT 

W  (0.  1),  w 


Y 

Y 


V  (0,  5,  d  )  The  parameter  V(0.  5,  d  )  for  each  of  two  climates  represented  by 
j  e  e 

the  subscripts  i  and  j,  (V.41). 

The  median  wanted  signal  power  available  at  a  receiver,  W  =  10  log  w  dbw, 

m  m 

(V,  1). 

The  median  value  of  the  total  noise  power  is  w  watts,  \V  =  10  log  w  dbw, 

m  n  m  n  m  n 

(V,  7)  and  (V.8). 

Operating  threshold,  the  median  wanted  signal  power  required  lor  satisfactory 

service  in  the  presence  of  noise,  W  a  jo  log  w  dbw,  (V.9). 

mr  mr 

A  fixed  value  of  transmitter  output  power  w  in  watts,  W  =  10  log  w  dbw,  (V.  16). 
Total  radiated  power  in  watts  and  in  dbw,  section  V.fc. 

Power  radiated  from  an  unwanted  or  interfering  station,  w  watts,  \V  = 

u  u 

10  log  w  dow  ,  ( V  .  33) . 
u 

Median  unwanted  signal  power  w  in  watts,  \V  =  10  log  w  dbw  ,  (V.  33)  and 

um  um  um 

( V  .  34) .  ' 

Unwanted  signal  power  associated  with  phase  interierence  fading,  w  in  watts, 

W  =  10  log  w  dbw,  section  V.4. 

UTT  UTT 

Wanted  signal  power  associated  with  phase  interference  lading,  w  is  defined  as 

r 

the  average  power  for  a  single  cycle  of  the  radio  frequency,  W  =  10  log  w  dbw, 

n  tr 

(V.  1)  . 

Transmitter  output  power,  (V.20). 

Transmitter  power  that  v/ill  provide  at  least  grade  g  service  for  a  fraction  q  of 
all  hours,  (  V  .  25) . 

The  hourly  median  wanted  signal  power  exceeded  for  a  fraction  q  of  all  hours, 

( V .  24) . 

Long-term  median  value  of  V'  ,  (  V  .  2) . 

m 

Obser  ,d  values  of  W  (q)  made  over  a  large  number  of  paths  which  can  be  char¬ 
acterized  by  the  same  set  of  prediction  parameters,  section  V.8. 

The  operating  threshold  of  a  receiving  system,  defined  as  the  minimum  value  of 

W  required  to  provide  a  grade  of  service  g  in  the  presence  of  noise  alone,  (V.9). 
m 

The  hourly  median  unwanted  signal  power  W  expected  to  be  available  at  least 

urn 

a  fraction  q  of  all  hours,  (V.  33). 

The  median  value  of  W  (q),  (V.  37). 

um 

The  "instantaneous11  power  W  exceeded  tor  a  fraction  of  time  <\  .  ( V  .  6) . 

(0.9)  The  interdecile  range  W  (0.1)  -  W  (0.9)  of  the  power  W  (q)  ,  equiva- 

T T  TT  T  TT 

lent  to  the  interdcc  ile  range  of  short  term  transmission  loss  shown  on  figure  V.  2. 

A  symbol  used  to  describe  long-term  fading.  (V.  1)  and  (V.  3). 

Long-term  fading  of  an  unwanted  signal,  (V.  16). 
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Z  (°.5) 
a 

Z 

tr 


Phase  Interference  component  of  the  total  fading  of  an  unwanted  signal,  (V.  10). 
Phase  interference  fading  component  for  a  wanted  signal,  (V.  10>. 

Long-term  variability  Y  for  a  given  fraction  of  hourly  medians  q  ,  defined  by 
(V.4). 

The  median  value  of  Y  ,  which  by  definition  is  zero. 

Y.lq.d^)  Values  of  Y  for  climates  i  and  j,  (V.41)  and  (V. 42). 

The  root-mean-square  value  of  the  variability  for  two  climates,  (V.42). 

Long-term  variability  in  the  presence  of  variable  external  noise,  (V.  31) . 
Variability  of  the  operating  noise  factor,  ,  (V.  31)  and  (V.  32). 

Long-term  variability  of  the  wanted  to  unwanted  signal  ratio,  (V.  38). 

Long-term  variability  of  an  unwanted  signal,  (V.  39). 

The  phase  Interference  fading  component  of  the  total  variability  of  an  unwanted 
signal,  section  V.4. 

The  phase  interference  fading  component  of  the  total  variability  of  a  wanted  signal, 
section  V.4. 

Values  of  Y  for  climates  1  and  8,  section  V,  9. 
a  Standard  normal  deviates  defined  iy  (V.45),  (V.  52)  and  (V.  55). 

The  decibel  ratio  of  the  long-term  fading,  Y  ,  of  a  wanted  signal  and  the  long-term 
fading,  Y^,  of  an  unwanted  signal,  (V.  16). 

The  approximate  cumulative  distribution  function  of  the  variable  ratio  Z,  (V.  17). 
Median  value  of  the  variable  ratio  Z  ,  Z&(0.  5)  a  0  , 

The  decibel  ratio  of  the  phase  Interference  fading  component  Y  for  a  wanted 
signal  and  the  phase  interference  fading  component  Y^  for  an  unwanted  signal. 
(V.  11). 
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K,  K  )  The  approximate  cumulative  distribution  function  of  Z  ,  (V.  12). 

U  TT 

The  normalised  correlation  or  covariance  between  path-to-path  variations  of 

W  (0.  5)  and  W  (0.5),  (V.  54). 
m  um 

The  long-term  correlation  between  W  and  F  ,  (V.31). 

m  op 

The  long-term  correlation  between  W  and  W  ,  (V.38). 

m  um 

Tne  path-to-path  variance  of  deviations  bf  observed  from  predicted  transmission  loss, 
section  V.  8. 

The  path-to-path  variance  of  the  difference  between  observed  and  predicted  values 
of  transmission  loss  expected  for  a  fraction  q  of  all  hours. 

The  path-to-path  variance  of  the  difference  between  observed  and  predicted  long¬ 
term  median  values  of  transmission  loss,  (V.40)  and  the  following  paragraph. 

The  variance  of  the  operating  noise  factor  F  ,  (V.51). 

op 

Total  variance  of  any  estimate  of  the  service  criterion  for  service  limited  only  by 
external  noise,  (V.51). 
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Total  variance  of  any  estimate  o l  the  service  criterion  for  service  limited  only  by 
interference  from  a  single  unwanted  source,  (V.  54). 

Variance  of  the  estimate  of  R^fg,  9).  (V‘  54). 
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